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"He who wants to ride two camels at the same time will end up 
In the desert sand". Is an old Arabian saying which perfectly re-
flects the troubles occurring to someone who has to operate within 
the tangent plane of two different scientific disciplines. 
This may easily be exemplified by the work described in this 
thesis: taxonomie questions are to be answered by biochemical ap-
proaches. This will undoubtedly lead the taxonomist to find cer-
tain insufflclences from a taxonomie point of view, while the 
biochemist will wrinkle his eyebrows by the, in his opinion, ex-
cessive taxonomie discourses. 
Nevertheless, one should always keep an open eye to the possi-
ble solutions offered by other scientific disciplines, since the 
attempts of a "non-prejudiced outsider" from another scientific 
field may sometimes lead to long wished-for answers. I therefore 
hope that the results of this work will lend support to a positive 
appreciation of interdisciplinary scientific approaches, and will 
also stimulate the interest in further studies of avian phylogeny 
by comparative macromolecular sequence analyses. 

SUMMARY 
Determination of avian phylogenetlc relationships on the basis of morpho­
logical and anatomical characters has appeared to be, in a number of cases. 
very troublesome. This has to be attributed to the circumstance that a proper 
taxonomie assessment of these characters may be utterly difficult (Chapter I). 
In order to provide some additional taxonomie evidence, it was tried to 
find biochemical characters which might be useful for the clustering of avian 
species. 
The discovery of two novel lens proteins, e-crystallln and 48 
KDa-crystallln (Chapter II), both appearing scattered among the 21 investigat­
ed avian species, initially seemed to provide promising characters for the 
grouping of species, but it turned out to be Impossible to perform cladistic 
analyses, using these proteins as shared derived characters, since both com­
ponents were also found in the reptilian "outgroup". It was obvious that 
phenetlc approaches would not lead to phylogenetlcally relevant constructions. 
Taxonomically important conclusions, on the other hand, could be drawn from 
comparative α-crystallin A amino acid sequence determinations, Involving 21 
avian species, which strongly indicated a monophyletlc origin and sister group 
relationship to the other birds for the ratltes, the large flightless birds of 
the Southern Hemisphere (Chapter III). 
A great number of avian phylogenetlc problems, however, cannot be solved by 
oA-analyses, due to Its slow evolution rate. We therefore tested the suitabll-' 
ity of another eye lens protein, ä-crystallln, and found it to be a promising 
macromolecular tool for the solution of obscure avian Interordinal relation-







1-1 : Biological classification 
For many centuries man has tried to gather knowledge about the hierarchical 
structure of nature, and up till now one of the most appealing challenges that 
has remained is to achieve a complete classification of biological organisms. 
Such a classification, which will often markedly differ from groupings 
based on relatively superficial characters like colour, size or habitat, now 
tends to be considered of maximum value when evolutionary relationships are 
being expressed. This is the main reason why an increasing number of biolo-
gists has taken renewed interest in the study of higher taxonomie categories, 
in order to reconstruct their evolutionary history and genealogical relation-
ships. 
The classification of biological species can, in many cases, be relatively 
easily performed on the basis of external appearances. Starting from the as-
sumption that those biological manifestations which show the greatest "overall 
similarity" are most closely related, it turns out not only to be possible to 
assign, for instance, some feathered flying animal to the class Aves, but also 
to Indicate if it concerns some duck-like, stork-like or hummingbird-like 
representative of this class. 
It is by this almost obvious, intuitive way that biological species can be 
positioned together in a hierarchical taxonomie system. 
Determination of the phylogenetic relationships of such groups, however, 
can sometimes be very troublesome because more distantly related taxa offer 
fewer possibilities for direct comparison of external characters. Moreover, it 
is never possible to obtain positive experimental proof for the alleged evolu-
tionary reconstructions. 
To provide a probable explanation for the overwhelming variety of biologi-
cal species we know today, evolutionary biologists have to trace back the evo-
lutionary events leading to this biological diversity, and they can essential-
ly make use of two different approaches for the clustering of biological 
species (see: Mayr, 1981). 
1) By methods according to the principles of "phenetlc taxonomy", which group 
biological species on the basis of "overall similarity". By applying this 
approach, as many characters as possible are compared, followed by exten-
sive Judgement of their degree of resemblance. Although the preliminary 
grouping of taxa is nearly always based on phenetlc evaluation of similar-
ity, this approach does not provide a satisfactory test to a taxonomie 
theory in critically difficult cases. It is often very difficult to 
determine the degree of similarity required for the proper clustering of 
different taxa, or to decide which taxonomie Importance must be attributed 
to similar traits. 
2) Another possible approach to turn to, may be the application of cladlstlc 
analysis. 
According to this method, taxa are positioned together because they share 
uniquely evolved, i.e. derived characters, or "synapomorphles" (Hennig, 
1966), which set them apart from all other taxa. These characters are 
therefore considered to be of great taxonomie weight. This method, based 
upon the principle that "... the Joint possession of homologous derived 
characters proves the common ancestry of a given set of species" (Mayr, 
1981), may lead to the construction of a continuously bifurcating branch-
ing diagram, reflecting the patterns of phylogenetic relationship. 
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Both approaches are characterized by specific pitfalls, the most Important 
one being a possible erroneous clustering on the basis of apparently similar 
characters, generated by convergent evolution. This is the reason why it will 
always be one of the most Important tasks of the systematic biologist to 
recognize "homologies", and to distinguish the characters which are of taxo-
nomie value. 
Although in most cases both approaches will result in a similar taxonomie 
classification, it must be stressed that application of both methods to the 
very same problem may sometimes lead to different classifications, as can be 
seen in Figure 1. 
fihinetk divergence —> 
Figure 1: Cladogram of taxa I, II and III. Essentially after Mayr (1981). 
The cladogram combines taxa II and III because of the circumstance that 
they both possess shared derived character b, which is not found in taxon I. 
According to phenetic principles, taxon III is far removed from taxa I and 
II, on the basis of the discriminating characters £ to J<, which are only found 
in taxon III. 
These unique characters, designated as apomorphles (Hennlg, 1966) determine 
the peculiarity of a given taxonomie group. This can be exemplified by the 
avian assemblage, which has, after splitting off from the reptiles, developed 
a number of unique characters, definitely discriminating the birds from their 
close reptilian relatives. Although on the basis of overall similarity (i.e. 
on phenetic grounds), birds are considered to be the "sister group" of all 
reptiles, cladistlc analyses, based upon unique similarities exclusively 
shared by birds and crocodiles, clearly point to a sister group relationship 
for these latter two groups, placing them away from the other reptiles (Walk-
er, 1972; Whetstone and Martin, 1981). Since useful information can be ob-
tained from cladistlc analyses, based upon a limited number of characters, 
this approach might be very suitable to test the outcome of phenetic analyses, 
and in some cases unravel problems which could not be solved by the other 
method. Phenetic analysis, on the other hand, seems to be helpful as many 
characters are involved. However, testing of a cladistlc classification by 
phenetic methods Is logically unsound. 
One of the most difficult tasks of the taxonomie biologist performing 
cladistlc analyses, however, is the distinction of the required shared derived 
characters, since convergent evolution may seriously trouble the procedure. 
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Therefore, the essential requirement for proper cladistlc analysis Is the 
outgroup comparison. If some character, found in some taxa within a given tax-
onomie group is used for the grouping of these taxa, it is very Important to 
be sure that this specific trait is not present in taxa outside of the group, 
which would designate this character to be primitive, or pleslomorph (Hennlg, 
1966), rendering it virtually useless for the purpose of delineating the evo-
lutionary history of a certain group. 
Throughout the many years of study, the reconstruction of the evolutionary 
history of biological species has caused the biologist a great deal of trou-
ble. This can be seen from the circumstance that well-established opinions may 
be thrown over when new evidence seems to point to different phylogenetlc con-
clusions, resulting in a great number of unsettled taxonomie problems, attend-
ed with vigorous discussions and bitter disagreements. 
All biological classes are characterized by some major taxonomie problems, 
which are difficult to solve since the available morphological evidence does 
not lead to unanimous interpretation. 
In this treatise some major taxonomie problems of the class Aves, the liv-
ing birds of the world, will be outlined, as well as the usefulness of 
biochemical approaches for their solution. 

1-2: Avian origin and taxonomy 
Although an Impressive amount of information Is available about the distri-
bution, habitat requirements, life cycles etc. of the approximately 8600 avian 
species recognized today, a well-known ornithologist stated in 1971: 
"The living birds are the best-known group of animals, but their origin, 
history and phylogeny are very poorly documented in comparison with the oth-
er vertebrates. More than a century has passed since the discovery of the 
first skeleton of Archaeopteryx, but still unknown are the links connecting 
this momentous find to its reptilian ancestors on the one hand, and to its 
avian descendants to the other" (Brodkorb, 1971). 
This lack of knowledge has been attributed by another avian biologist to three 
main reasons: 
1. The restrictive physical demands of flight, causing mass convergence, 
2. The shortage of morphological features (such as teeth) that vary suffi-
ciently among the major groups to be of useful taxonomie value, and 
3. The lack of a good fossil record, because of the fragility of the bones 
and the arboreal nature of most avian species (Feduccia, 1977). 
Although Brodkorb (1971) stated that the lack of fossil evidence may have to 
be attributed to the small number of paleornithologlsts studying the fossil 
record, it is generally agreed that the major bottleneck preventing the proper 
reconstruction of avian evolutionary history is found at the first point, In-
dicating the Importance of convergent evolution. This has led the dean of 
paleobiology, A.S. Romer, to the following statement (Romer, 1966): 
"... birds of today despite their varied plumage, songs, and habits, are 
very similar to one another in their structure. Tbey are divided into many 
orders; but the differences, for example, between a hummingbird and an alba-
tross are much less than those between a seal and cat ... The different bird 
orders have, in general, no more differences between them than exist between 
families in other classes of vertebrates, and anatomical differences between 
bird genera are often so slight that fossils are hard to place." 
Statements like these have influenced avian systematlsts to a great extent, 
which finally seems to have resulted In some kind of stalemate position con-
cerning two major problems: the assumed age of the avian assemblage and the 
phylogenetlc interrelationships of the avian orders (Table 1). Although argu-
ments and discussions among ornithologists have continued for a long time, it 
has not been possible so far to reach unanimous opinions about these two prob-
lems. 
To Illustrate this, some of the current opinons on the matter will be out-
lined below. 
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A. The origin of birds 
One major problem concerning the avian assemblage has always remained the 
question of the origin of birds, the answer of this matter being directly con­
nected with the question of the age of the avian stock. 
After more than a century of studying the fossil evidence, no unanimity has 
been reached among avian biologists, but two main theories, conflicting with 
respect to the specific lines of descent and terms of the time when the first 
bird appeared, are nowadays both supported by various taxonomists. 
Since in both views birds are assumed to be derived from reptilian ances­
tors, although In completely different ways, a short overview (couched in 
"evolutionary", not cladistic terms) of the assumed reptilian evolution is 
given below (Romer, 1966). 
After the separation of the paleozoic reptiles in the Pelycosaurs (a branch 
which led to the mammalian stock) and the Cotylosaurs, the latter group gave 
rise to, on one hand, the turtles (Chelonla), lizards and snakes (Lepidosau-
rla), and on the other hand the Permian thecodont reptiles. Among these latter 
organisms we find the so-called Pseudosuchians (230 million years ago), from 
which group, according to one of the stem theories, the pterosaurs (non-avlan 
flying reptiles), the crocodiles and dinosaurs are thought to be derived. 
The dinosaurs then are believed to have split Into the so-called Ornith-
ischia and SaurIschia, of which the latter group gave rise. In the early 
Jurassic, to the herbivorous Sauropoda (with a.o. Brontosaurus) and the car­
nivorous Theropoda. The theropods split into the Carnosauria (with Tyran­
nosaurus) and the smaller Coelurosaurla (with Compsognathus and Struthlom-
imus). 
According to the first of the two main theories on avian descent, original­
ly put forward by Huxley (1868), the first known birds showed a striking 
resemblance to the coelurosaurian reptiles, and for this reason the oldest 
bird, Archaeopteryx, was initially considered to be such a reptile. For this 
reason, one of the two theories about avian ancestry Is generally referred to 
as the "coelurosaurlan-ancestor theory". 
Although many more theories emerged (see: Martin, 1983), there Is one other 
main theory which had gained a lot of support for many years. 
It was as early as 1877 that the dinosaurs were considered too diverse and 
too specialized to be the progenitors of the birds (Marsh, 1877). This would 
Imply an independent origin for birds and dinosaurs, and In 1913 Broom postu­
lated his "pseudosuchlan-ancestor theory" on the basis of the early Trlasslc 
fossil Euparkeria, found In South Africa, which was considered to represent an 
early stage of the archosaur radiation, sufficiently primitive to be the pro­
genitor of both dinosaurs and birds. This theory was propagated by Hellmann in 
his influential book "The Origin of Birds", in 1926, and supplanted for some 
decades the "coelurosaurian ancestor theory", until In the 1970'з the smould­
ering controversies rose again through recent papers by Ostrom (1976). Hls 
conclusion, after intensive study of the five known skeletal specimens of Ar­
chaeopteryx, was that avian evolution has run along the following course: 
Pseudosuchla —- Coelurosaurla -»· Archaeopteryx --higher birds, which designates 
the living birds to be living dinosaurlan descendants. 
Papers by Galton (1970), suggesting a close ornlthlschian-avlan relation­
ship; Walker (1972), bringing up the relatively specialized pseudosuchian 
Sphenosuchus as common avlan-crocodllian progenitor and Gardiner (1982), with 
his assumed avlan-mammallan sister group relationship, complicated the picture 
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of avian ancestry even further. 
Apart from the question of designating the true avian progenitor, the two 
main theories on the origin of birds, as outlined In figure 2, bear some radi­
cal implications concerning the problem of the age of the avian stock. Accep­
tance of the "coelurosaurlan-ancestor theory" means that the ancestral bird 
must have originated as a separate evolutionary lineage about 140 million 
years ago, while the "pseudosuchlan-ancestor theory" assumes this oldest avian 
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Figure 2: Generally accepted theories about avian origin. 
1. "Coeluroeaurian-ancestor theory" 
2. "Pseudoeuchian-anceator theory" 
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В. Avian phylogeny 
The uncertainties about avian ancestry may be mainly attributed to the lack 
of sufficient conclusive fossil evidence; this is not true for the problems of 
the avian interrelationships. 
Birds can be divided into a number of orders without too many difficulties 
(table 1), but the conclusive determination of the phylogenetlc relations of 
these orders has turned out to be an almost impossible task, taking into ac­
count the efforts put Into it by a great number of ornithologists. Although 
all the required anatomical-morphological evidence is at hand, it seems to be 
impossible, in spite of many years of argument, to establish some general 
unanimity about some of these interordinal problems. 
A number of these questions are outlined below, providing some demonstra­
tion of the deep disagreements found among ornithologists. 
The Ratites 
A very special assemblage among the living birds is the group of the ratltes, 
the large flightless birds of the Southern Hemisphere, comprising ten living 
species. They include the ostrich (genus Struthio) of Africa and Arabia; the 
two species of South American rheas (genus Rhea); the Australian emu (genus 
Droraalus); the three Australo-Papuan cassowaries (genus Casuarlus); and the 
three kiwi-species of New Zealand (genus Aptéryx). Their phylogenetlc rela-
tionships to other birds and especially to the South American tlnamous have 
been the subject of numerous publications. 
Another major problem has troubled the ornithologist for more than a centu-
ry: do the ratltes (including the Ί7 extinct species known today) represent a 
monophyletlc assemblage or did they emerge independently from different ances­
tral flying progenitors? 
A review of the literature concerning this problem by Sibley and Ahiquist 
(1981) clearly shows the lack of concensus throughout the years: 
Huxley (1867), on the basis of the structure of their bony palate, considered 
them to be monophyletlc; FUhrbrlnger (1Θ88), on the contrary, regarded this 
palatinal structure as the result of convergent evolution, concluding the ra­
tltes to have originated Independently; Pycraft (1900), although considering 
the ratltes to be polyphyletlc, decided to place them together in one group, 
while Stresemann (1934) and Wetmore (1930), whose classifications have been 
generally accepted for the last decades, followed FUhrbrlnger in his idea of 
independent ratite ancestry; Bock (1963), on the basis of cranial anatomical 
evidence positioned them together again. The same proposition was made by 
Parkes and Clark (1966) for reasons of unique similarities in their rham-
phothecal structure, while Cracraft (1974) also supports their monophyly on 
the basis of hind limb and pelvic structures. Yet, Storer (1971) wrote: 
"On Zoogeographie grounds, ratite birds must have originated Independently 
from flying ancestors at least four times." 
and: 
"... it is unwise in a phylogenetlc classification to place them in one 
separate group", 
once again underlining the profound differences of opinion about this ques­
tion. 
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Table 1: Avian Orders 
Biological species are classified in a hierarchical structure which Is charac-
terized by the following taxonomie levels: species, genus, family, order and 
class. However, intermediate levels, like subgenus and superfamily, can also 
be inserted. 
The number of orders into which birds are devlded has varied widely, as out-
lined by Sibley and Ahlquist (1981), but current classifications comprise ap-
proximately 25 avian orders. The scientific and common names of 25 orders and 
some of their representatives are given below, according to Peters et al. 
(1979). 
Order Common names of 
representatives 


































gannets, frigate birds 
herons, storks, ibises 
flamingos 
birds of prey 


























re igers , ooievaars, ibissen 
flamingos 
roofvogels 
















kraaien, vinken, etc. 
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Additional data are provided by Sibley (I960), who concluded a common an­
cestry for the ostrich, cassowary and emu on the basis of egg white protein 
electrophoretlc patterns; by Prager and Wilson (1976) on the basis of compara­
tive immunology of a number of avian proteins and by De Boer (1980), conclud­
ing a raonophyletlc origin by karyotypical comparisons. 
It turns out that a lot of evidence speaks for a ratlte monophyly, but the 
phylogenetlc position of this group in relation to the other avian orders 
remains unclear. This may be attributed to the circumstance that the compara­
tive anatomical-morphological approach does not seem to result in unanimously 
acceptable traits linking the ratites to another avian group, while the ap­
plied molecular approaches by themselves do not provide valuable character 
states which reveal the Identity of the sister group of the ratites among the 
living birds. This matter will be commented on later. 
The ancestry and taxonomie position of the Anserlformes 
The order Anserlformes, or duck-like birds and relatives, are traditionally 
considered to comprise two different families; the Anatldae, with the ducks, 
swans and geese; and the South American Anhimldae ("screamers"), placed in 
this order mainly by lack of a better alternative (Sibley and Ahlquist, 1972). 
The anseriform ancestry has always remained obscure, but some tendency has 
existed to place the order close to the Cleoni iformes (herons and storks) 
(see: Sibley and Ahlquist, 1972), although the Gal11formes (chicken-like 
birds) have also been suggested to be closely related to the Anserlformes (for 
an extensive literature survey: see Olson and Feduccia, 1980). Some authors 
then position the Anhimldae as an intermediate group between the Anserlformes 
and Galllformes (see: Bock, 1970). Olson and Feduccia strongly opposed a 
close anaeriform-galliform relationship, underlining their rejection of this 
assumption with the statement that: 
"... Anserlformes differ from Galllformes in almost every anatomical feature 
and there is not the slightest resemblance between the two groups in their 
postcranial osteology." 
This seemed to leave the question unanswered again, but fortunately, the prob­
lem was claimed to be settled by the finding of the Eocene fossil Presbyornls 
(Olson and Feduccia, 1980). This organism, "combining the body of a shorebird 
with a duck-like head" appears to be a true missing link without which the 
origins of the Anserlformes might have remained obscure indefinitely". It Is 
considered by the authors to be a product of mosaic evolution, and because of 
its charadriiform characters they state that "the Anserlformes have descended 
from charadriiform ancestors". 
This conclusion could never have been drawn without the finding of this 
particular fossil, since "... the Anserlformes, as far аз known, differ so 
much from their charadriiform ancestors in their postcranial anatomy as to 
have disguised their origins up to the present". 
Although it may be possible that the secrets of anseriform ancestry have 
now been revealed (or could it be equally possible to assume a charadriiform 
origin from anseriform representatives?), the intriguing points remain, that, 
as the authors state, neither the Galllformes nor the Charadriiformes show any 
resemblance to the Anserlformes in their postcranial anatomy, and that up till 
now nobody has ever found any morphological-anatomical reasons to assume a 
special relationship between Anseriformes and Charadriiformes. 
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It therefore does not seem reasonable to reject the possibility of a 
galllform-anseriform relationship for the very same reason, and because of the 
circumstance that 
"... we cannot Imagine any reasonable hypothetical sequence of evolutionary 
events that could produce a duck from a galllform" (Olson and Feduccla, 
1980). 
One of the questions that arise Is, whether the authors would ever have Im­
agined a reasonable hypothetical evolutionary sequence leading from a chara-
driiform to a duck, if Presbyornls had not popped up. 
Cracraft (1981), who did not believe in the suggested mosaic evolution pro­
posed by Olson and Feduccla, was not really able to prove the improbabilities 
of their assumptions. However, an evolutionary sequence leading to charac­
teristic cranial structures in some ancestral branch without anatomical conse­
quences for Its postcranial morphology seems to be a remarkable phenomenon. It 
has to be admitted that the finding of more of these "тозаісз" could be of 
great help to the solution of phylogenetlc problems, but preferably no 
anserlform-galllform mosaics, or charadrliforms with chicken-like heads. 
Similar problems as have been outlined for the ratites and the anserlformes 
can be spotted in many other avian orders. Many examples of such problem cases 
and conflicting opinions can be found in Sibley and Ahlqulst (1972), and Cra­
craft (1980). 
Another much discussed problem is, for instance, the alleged monophyly of 
the loons (Gavilformes) and grebes (Podicipediformes). As has been reviewed by 
Cracraft (1982), there was initially a general consensus about the monophyly 
of loons, grebes and the extinct Cretaceous Hesperornlthiformes. Around the 
beginning of the century, however, the opinions changed. Storer (1971), pro­
pagated a polyphyletic origin for the foot-propelled divers, while Cracraft 
(1982) positioned loons and grebes, together with the Sphenisclformes and 
Hesperornlthiformes, in one of his taxonomie "divisions". 
This led Olson (1982) to state: 
"Not a single synapomorphy Is advanced to Justify "Division 1" as a mono-
phyletic group." 
That very same year Cracraft claimed to attribute eight synapomorphles to the 
loons and grebes (Cracraft, 1982), which might shift the general opinion again 
to a monophyletic assemblage of gavllform and podlclpedlform birds. 
What will be the final taxonomie position of the New World vultures 
(Cathartidae)? They are now traditionally placed among the birds of prey (Fal-
conlformes). Nevertheless, their position has been challenged for more than a 
century (König, 1982). Ligón (1967) placed them on the basis of morphological 
characters close to the Ciconllformes (herons and storks). Wolters (1975) po-
sitions them, In their own order Cathartlformes, between the Sagittari iformes 
(Secretary birds) and Cleoni iformes. König (1982), on the basis of ethological 
arguments ("Schnäbeln") also places them close to the Ciconllformes. It is to 
be expected that, as more evidence seems to point to a cleoniiform relation-
ship, the New World vultures will not be placed with the birds of prey, and 
end as a separate order. The debate concerning this matter Is still going on. 
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С. Conclusion 
Аз can be concluded from the foregoing. It seems to be very difficult to 
reach a general consensus about a number of taxonomie problems concerning the 
avian stock. 
Literature survey points out that phenetlc analyses, based upon the avail­
able fossil material and anatomical-morphological characters, lead in a number 
of cases to conflicting taxonomie conclusions. 
When, for example, the widely accepted idea of the avlan-reptlllan sister 
group relationship is suddenly challenged to favour a closer avlan-mammallan 
relation (Gardiner, 1982), a lot of disquiet may occur among comparative mor-
phologlats and paleontologists, resulting in renewed evaluations of evidence, 
already reevaluated many times. 
It must be doubted, however, if it will ever be possible to determine the 
relation of the scarce fossil material to the living taxa, or to decide wheth­
er Archaeopteryx represents a real avian progenitor or a side-branch of the 
avian line. 
In the light of the problems outlined above, it will be clear that it would 
be very convenient to obtain new clues for the elucidation of avian taxonomie 
relationships. 
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II-1: Molecular studies of avian relationships 
Avian phylogeny has not only been studied at the anatomical-morphological 
level. Other biological disciplines have been Involved as well, such as stu­
dies of specific parasites, ecology and ethology. 
In the recent decades, however, a new approach has been Introduced: taxo­
nomie study at the molecular level, comprising comparative protein electro­
phoresis, immunological studies, amino acid sequence determination, and more 
recently, DNA-DNA hybridization, DNA restriction analysis, and, as a rising 
possibility, nucleic acid sequence determination. 
The first major comparative study of electrophoretlc protein patterns was 
carried out by Gysels (1964), who subjected the soluble proteins from eye 
lens, skeletal-, heart- and stomach muscle of 233 avian species to comparative 
electrophoresis In an agar-syatem. In his own opinion, the patterns he ob­
tained with lens proteins did provide relevant information from a taxonomie 
point of view because of the circumstance that "... relatively little altera­
tions did occur in the structure of lens proteins, and that perhaps less con­
vergences than in other organs trouble our vision ...". 
Together with the protein patterns the lens glycogen content was deter­
mined, leading to a grouping of specific patterns which was also assumed to 
represent taxonomically important information (see: fig. 3). 
Although It was difficult to draw definite taxonomie conclusions, the au­
thor considered the discovery of a "Typical Songbird Component" of major in­
terest. This component, however, a lenticular protein, was also said to be 
present In lenses of representatives of cleonilform, falconiform, gruiform, 
strigiform, and coracilform birds. Since Gysels, on the basis of his electro­
phoretlc data, attributed a sphenlsclform lens type to the guillemot Urla and 
a charadriiform lens type to the spoon-billed heron (Cochlearlus cochlearlus) 
etc., it is no wonder that the construction of a phylogenetlc tree, expressing 
evolutionary relationships of different avian orders, could not be achieved on 
the basis of these data. 
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Figure 3: Lens patterns and inferred relationships by comparative lenticular 
protein agar-electrophoresis. After Gysels (1964). 
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Another example of this type of Investigation was presented by Kitto and 
Wilson (1966), who compared the electrophoretlc mobilities of a soluble enzy-
matic compound from the heart muscle, designated as S malate-dehydrogenase, of 
more than 100 avian species, in a starch-gel electrophoretlc system. Their 
main conclusion was that the shoreblrds (Charadrllformes), as well as the 
swifts and hummingbirds (Apodiformes), are homogeneous groups, which had been 
doubted by a number of ornithologists. For the rest, no phylogenetic infer-
ences could be obtained from their data. 
Other major comparative protein studies were undertaken by Sibley (1970), 
and by Sibley and Ahlqulst (1972). After comparison of electrophoretlc pat-
terns of egg-white proteins of 816 species of birds, one of their conclusions 
was: 
"... the egg white patterns of the large ratites are more similar to one 
another than to those of any other avian group. From all available evidence 
it seems likely that these birds were derived from a common ancestor". 
In a rather tentative way a close tinamous-galliforraes association is suggest-
ed, and a number of possible interordinal relationships are indicated, without 
any further outspoken conclusions. 
Although the comparative protein electrophoresis investigations outlined 
above formed the basis for some new taxonomie considerations, the validity of 
these techniques was not unchallenged, because of some serious drawbacks. 
The first problem is, that the electrophoretlc mobility of a given protein 
is dependent on the net charge of the molecule, and therefore on the number of 
acidic and basic amino acids which will be detected by the electrophoretlc 
techniques, provided that no compensating opposite-charge substitutions take 
place. The equally informative charge-neutral substitutions escape observa-
tion. 
Another difficulty with comparative protein pattern Interpretation can be, 
that In some cases several charge-variants of the very same protein may ori-
ginate, for instance by deamldation or degradation processes, which may furth-
er complicate the protein pattern. 
For these reasons, the electrophoretlc approaches described above do not 
seem to be very useful for the solution of taxonomie problems, and do not lead 
to informative phylogenetic tree constructions, since apernorph or plesioraorph 
characters cannot be distinguished. 
Immunological data are claimed to be valid for the construction of a tree, 
expressing genealogical relationships (Prager and Wilson, 1976). These au-
thors calculated Immunological distances between a number of homologous pro-
teins from different avian species by the micro-complement fixation technique. 
Their experiments Involved 24 avian species, of which they compared the immu-
nological distances of transferrin, albumin, ovalbumin and lysozyme. Some of 
their results are shown in figure 4. 
Figure 4: Avian phylogeny based upon 
immunological distances of 
avian transferrin. 
From: Prager and Wilson (1976). 
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TRANSfEHRIN IMHUNOlOGICM. DISTANCE 
Especially notable are the calculated positions of the ratltes, kiwi and 
tinamous, which are clustered together, and of the anserlform and galliform 
birds, in relation to the other birds. 
Comparable results for the ratltes, kiwi and tinamous were obtained by Sib­
ley and Ahlqulst (1981), on the basis of DNA-DNA hybridization experiments, аз 
is shown in figure 5. 
1 Imw 
Figure 5: Phylogeny of the ratltes, kiwi ι 
and tinamous. 
From: Sibley and Ahlqulst 
(1981). No specification of 
"other birds" is given in the 
original article. 
This latter technique was also used by the same authors to shed some light 
on the obscure phylogenetic relationships of a number of songbirds (Sibley and 
Ahlqulst, 1980). 
The Immunological distance determinations and DNA-DNA hybridizations result 
essentially In phenetlc taxonomie information, and therefore cannot be used 
for the construction of cladograms. The constructed trees of figures 4 and 5 
should therefore be designated аз phenetlc trees. The electrophoretic protein 
mobility comparisons (Gysels, 1964; Kitto and Wilson, 1966; Sibley and 
Ahlqulst, 1972), which might have led to the recognition of shared derived 
characters, have also not provided the expected taxonomie breakthrough, and 
the conclusions about avian phylogenetic problems were vague and unsatlfacto-
ry. 
Consequently, an attempt will be made to perform a cladistlc analysis in 
order to reconstruct the phylogeny of some avian orders, again using the pres­
ence of specific lenticular protein compounds as character states. 
.Tmci-mil 
.Oih* bifd» 
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II-2: Novel avian lenticular proteins 
The electrophoretic patterns obtained with muscular and lenticular proteins 
(Gysels, 1964), as well as with egg white proteins (Sibley and Ahlquist, 
1972), are mainly the result of two physical protein parameters: net charge 
and molecular mass, and are also Influenced by properties of the matrix ma­
terial, being agar or starch. Identification of specific polypeptide chains 
may be rather precarious in these types of electrophoretic system. 
A considerable step forward in the field of comparative electrophoresis was 
made by the introduction of the Sodium Dodecyl Sulfate Poly-Acryl Amide Gel 
Electrophoresis (SDS PAGE) by Laernmli (1970). By application of this tech­
nique, polypeptide chains are separated on the basis of their molecular mass 
in a synthetic polymeric matrix with high resolving power, resulting in a re­
latively easily interpretable protein banding pattern. In combination with 
protein isoelectrofoousing, very informative two-dimensional protein patterns 
can be obtained, as can be seen in the following section. 
(For more detailed information about SDS-PAGE and isoelectrofoousing, see: 
Weber et al., 1972; O'Farrell, 1975). 
Application of these electrophoretic techniques revealed the presence of 
two hitherto undescribed lenticular proteins in some avian species, which were 
isolated and subjected to a thorough biochemical character i2ation, in order to 
determine their relationship to the other water-soluble lens proteins, and 
also to provide some new, well-defined tools for comparative studies of gene 
expression, 
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Figure 6: SDS-gel electrophoretic patterns of chicken (1), bean-goose (2), 
gadwall (3), common golden-eye (4), mute swan (5), tufted duck (6), 
woodpecker (7), cuckoo (8), coot (9), yellow billed loon (10), red-
throated loon (11), common loon (12), arctic loon (13), heron (14), 
gentoo penguin (15), fulmar (16), curlew ( 17) and oystercatcher (18). 
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Аз can be seen in figure 6, characteristic polypeptide patterns can be ob­
tained by application of this SDS-electrophoresis. Some anserlform patterns 
show distinct similarities, but differ markedly from, for Instance, the pat­
terns of woodpecker or cuckoo. Also the gavllform pattern can easily be dis­
tinguished from penguin or oystercatcher. 
Most striking, however, was the discovery of the two additional protein 
compounds "e-crystalllnn and nl*8 KDa-crystallln" by this technique, in some 
avian lenses. A physical-chemical characterization of these eye lens proteins 
is described In the following section. 
ІІ-З 
Biochemical characterization of e-crystallln and 
48 KDa-crystallln 
Eur. J. Biochem. 147, 129-136 (1985) 
FEBS Lett. 162, 305-309 (1983) 
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ε-Crystallin, a novel avian and reptilian eye lens protein 
Sleven О STAPEL Anneke ZWEERS Huub J DODEMONT Jaap H KAN and Wilfried W de JONG 
Laboratorium voor Biochemie Universiteit van Nijmegen 
(Received July 2 1984) - EJB 84 0709 
Gel filtration of Peking duck eye lens proteins reveals a component eluting just behind í-cr>stallin and 
comprising approximately 10% of the total soluble protein The natisc "И, of this additional component is 
estimated to be 120000 it appears to be composed of three identical chains of W
r
 18000 and pi 7 з Circular 
dichroic spectroscopy showed a relatively high a-hclical content No immunological cross-reaclivitv is lound with 
2 β- ,- or d-crystallins and partial ammo acid sequence determinations likewise failed to rctcal any similarity 
with other known crystallms Wc conclude that this protein represents another and novel family of eye lens 
proteins for which wc propose the designation r-crystallm r-Crystallin is translated from a 1450-base mRNA 
which has been partially purified t-Crystallin is found scattered among avian and reptilian taxa but not in other 
vertebrates Its rale of evolutionary change seems to be as slow as that ol a- and /i-crysiallms 
The structural proteins of the vertebrate lens the 
crystallms have proven to be suitable objects for the study of 
a great variety of fundamental biological phenomena, like 
differentiation aging and evolution [1] They are also 
increasingly used as valuable tools to study gene structure, 
expression and regulation 12 — 4] 
Three types of crystallms, я, /f and ,, have classically been 
distinguished in virtually all investigated vertebrate lenses |5] 
The β- and /-crystallms arc now known to be structurally 
related [6] Bird and reptile lenses contain in addition ô-cry-
stallin [2] 
The impression might be gained that these are the only 
major lens-specific proteins in vertebrates However, in spite 
of the overall similarity in structure and function of the eye 
lens, great differences do occur m the relative proportions of 
the various crystallms while additional, in most cases poorly 
characterized components are present in several species (7) 
We recently described a monomeric 48-kDa crystalhn 
occurring in lenses of lampreys some fishes reptiles and birds 
[8] Now we report the thorough characterisation of another 
major lens protein which was initially observed in Peking 
duck, where it constitutes 10% of total lens protein It was 
subsequently identified, in varying amounts, in several other 
avian and reptilian species This protein designated as 
f-cryslallin, further extends the possibilities for molecular bio-
logical studies in the lens system 
MATERIALS AND METHODS 
Lenses were obtained from Peking duck (Ana* plait-
rhym hos), tufted duck (A} thyafuhguld), heron (Árdea < merca) 
and American alligator (Alligator nmsissippiensis) 
Abbreuattons SDS PAGE sodium dodecyl sulphatc/polyacryl 
amide gü electrophoresis CU, circular dichroism 
tnzwnes Thcrmolysm (ГС 1 4 24 4) trypsin (EC 3 4 214) 
Protein isolation and characterization 
Lenses were isolated and treated as previously described 
[8] Gel filtration oflens extracts was carried out on a column 
(150 χ 4 cm) of AcA 14 as described elsewhere [9] Slab gel 
electrophoresis and two-dimensional electrophoresis of water-
soluble lens proteins was periormed as described by Lacmmh 
[10] and О Farrcll [11] respectively 
Immunological identification of lens components was 
performed with the immunoblotting procedure as described 
by Burnelte [12] Rabbit antisera were obtained by 
immum/ation with c-crystallin which, after gel filtration, had 
been lurther purified by preparative SDS-PAGF and was 
removed from the gel material by eleclroelution Rabbits were 
injected with 2 mg protein in the presence of complete 
f-reund s adjuvant and blood samples were taken alter 3 
weeks The specificitv of the antiserum was apparent from 
the fact that it reacted exclusively with e-crystallin on two-
dimensional immunoblotting of total duck lens protein (cf 
Fig 3C) 
Native protein molecular mass déterminations were 
obtained by subjecting 3 mg of peak fraction ε-protein and 
6 mg of total lens extract to high-performance gel permeation 
chromatography on TSK. GEL SW-type columns, in combi­
nation with detection by low-angle laser light scattering 
(I ALLS) as described by Bindeiset al (13] Subunit molecular 
masses were estimated from SDS-PAGF 
Ammo acid analyses and primary structure determination 
by applying the dansyl-Edman procedure to peptides obtained 
by tryptic digestion of cyanogen bromide fragments, were 
essentially as described by Dnessen et al [6] CNBr fragments 
were fractionated by gel filtration over Scphadex G-50 sf in 
5% acetic acid Fractions containing different CNBr 
fragments were digested with trypsin and resulting peptides 
separated b) gel filtration (Scphadex G-50 sf in 0 1 M 
NH4HCO3) and or high-voltage electrophoresis at pH 6 5 
followed in the second dimension by descending chromatog­
raphy 
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Circular dichroic spectroscopy of millipore-filtered peak 
fractions of Peking duck crystallins, at a concentration of 
1 mg protein ml in 1% NH4HCO3, pH 7.9. was earned out 
on a CNRS Roussel-Jouan III dichographe (Jobm-Yvon. 
France), after instrument calibration with (+)-10-camphor 
sulfonic acid and D-pantoyl lactone at 20 С and with a scan 
rate of 0 05 nm s CD spectra were digitised by hand every 
2 nm in the 182 —250-nm range, which data were used as 
input for a computer-programmed calculation (IBM-
supported subroutine F 04 AMF) of secondary structure 
percentages, based on the method of Hennessey and Johnson 
[14], using their five basis spectra. Different classes of/i-turns 
and /i-sheets given by the program were combined to one class 
of turns and one class of sheets, respectively. 
¡solution ami (.harcuicnzation of messenger RNA 
Total cytoplasmic RNA was isolated from 100 duck lenses 
as described by Palmiter [15], with slight modifications, and 
was applied to a column of oligo(dT)-cellulose (Collaborative 
Research. T2 grade) for the selection of poly(A)-containing 
RNA. 10 μg of total poly(A)-containing RNA was electro-
phoretically fractionated on a 1.5% agarose gel, containing 
10 mM methylmercury hydroxide, according to the procedure 
previously described by Bailey and Davidson [16] In a parallel 
lane RNA size markers of 2050 (18S), 1600 (16S) and 1300 
(14S) nucleotides were run. After electrophoresis, the gel 
region containing the 1 lOü-2050-nucleolide inRNA was cut 
in 3-mm slices, the protein-synthesizing activity of recovered 
mRNA was monitored b\ in Miro translation in a nutlcasc-
treated rabbit reticulocyte lysate [17], followed by SDS-PAGE 
and autoradiography. 
RESULTS 
isolation, gel electrophoresis and immunological 
charûcterizatùm of Peking duck r -m siallm 
Comparison of the gel filtration patterns of chicken and 
Peking duck lens extracts shows an additional peak in the 
duck chromatogram (Fig 1) The protein contained in this 
fraction, designated as i-crystalhn. has a native Л/, of 120000, 
as was determined by Bmdels et al. [13]. and an apparent 
subumt M, of 38000 (Fig. 2 A). Two-dimensional gel electro­
phoresis shows that there is only a single type of f-crystalhn 
subumt. focusing m the pH-7 5 region (Fig. 2B) It appears. 
however, that for unknown reasons, charge heterogeneity of 
the s-subunil readily appears in many samples, as can be seen 
in Fig. 3B This may be due to rapid, multiple deamidations. 
as is also known to occur, albeit at lower rates, in other 
crystallines [1]. A similar charge heterogeneity, ranging be­
tween pi 6 and 7. was observed on isofocusing of isolated 
native c-crystallm. a major component being present 
approximately at pH 6 7 (results not shown). 
Antibodies were raised against Peking duck ε-crystallin. 
which was purified by preparative SDS-PAGE and 
electroelution. This antiserum shows no cross-reaction with 
any other duck lens polypeptide in the immunoblotting proce­
dure (Fig. 3C), nor did any reaction occur with chicken 
soluble lens proteins (not shown) Moreover, it was not pos­
sible to demonstrate an immunological reaction with blotted 
soluble proteins from other duck organs, such as heart, liver. 
pectoral muscle, pancreas, brain, ileum and cornea. 
After repeated gel filtration the Peking duck f-crystallin 
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Fig 1. Gel filtration of chicken and Peking duck water-soluble lens 
proteins on Vltrogel AcA 34 Peak fractions were analyzed by SDS-
gcl electrophoresis (inserts) The Peking duck /i-crystalhn fraction 
also contains the previously reported 48-kDa cryslallin [8] 
lane 3). This material was used for further studies of primary 
and secondary structure, because the remaining slight 
impurities should not substantially influence the various 
results. 
Primary strut turc analyses 
The amino acid compositions of Peking duck and alligator 
i-crystalhn. purified by repeated gel filtration, are given in 
Table I Compared to the other crystallins they show a 
remarkably high value for valine and a very low phenylalanine 
content 
To enable further comparisons with other crystallins and 
to facilitate future cDNA sequence analysis, we performed 
partial primary structure studies of Peking duck ε-crystallin. 
Dansylation failed to reveal the N-terminal residue. 
suggesting that r-crystallin is N-terminally blocked, like 2-
and /?-crvstallins The presence in high veld of a dipeptide 
Asp-Met in tryptic digests of total e-crystallm suggests this to 
be the C-terminal sequence 
We attempted to purify as many tryptic peptides of c-
crv stalliti as possible, regardless of their order in the chain 
To this end the mixture of C'NBr fragments of t-crystallin was 
fractionated over a Sephadex G-50 sf column. The eluate was 
pooled in five fractions and each fraction was digested with 
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Fig 2 One-dimensional (A) and t^o-dimensional (S) gel electrophoresis of lens proteins. (A) SDS-gel electrophoresis of (1) marker proteins: 
cytochrome с (12400), myoglobin (17000), at-crystallm A (20000), chymotrypsinogen A (26000), ovalbumin (45000), leucine amino peptidase 
(54000). bovine serum albumin (68000) and phosphor)lase A (93000). (2) Peking duck water-soluble lens proteins. (3) Peking duck £-crystallin 
(B) Two-dimensional gel electrophoresis of Pek'ig duck tens extract The focusing gel contained 1 3% ampholine (pH 3 5 —10) and 3 6% 
ampholme (pH 5-7) The e-crystallin subunit focuses in the pH-7 5 region, as was determined by companson with calf lens polypeptides of 
known isoelectric points [1] 
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Fig. 3 THO-dimensional gel eiectrophoresis of Hater-solubte lens proteins of ( A) chicken and ( В j Peking duck. (C/ immunoblot of the duck lens 
extract electropherogram wtlh antiserum against z-cr\stallin Arrows indicate the e-crystallin subunn Focusing gels contained 1% ampholme 
(pH 3 5 —10). 13% ampholine (pH 7 — 9) and 2 6% ampholme (pH 6 — 8) Reference lanes contained lens extracts of chicken and Peking 
duck, respectively 
trypsin. The digests were either fractionated over Sephadex 
G-50 sf before peptide mapping or directly subjected to 
peptide mapping. In this way a total of 38 peptides could be 
purified (Table 2), accounting for 210 of the approximately 
330 residues expected in the t-crystallin chain 
The sequences of eight tryptic peptides were determined 
by dansyl-Edman degradation and subdigestions (Fig. 4) 
These 67 residues account for approximately 20% of the 
e-crystallin sequence. They were compared by computer 
analysis, based on the matrix method of Gibbs and Mclntyre 
[18]. with the other known sequences of ι-, β-, ·,- and δ-
crystallins [1 — 3,19] No significant and consistent similarities 
could be detected. 
Secondary and quaternary structure 
Information about the secondary structure of e-crystallin 
was obtained by comparative CD spectroscopy of duck a-. 
β·. δ- and £-crystall;n. The CD spectrum of c-crystallin in 
the short-wavelength range is presented in Fig 5. while the 
secondary structure values of all major duck lens proteins 
are given in Table 3. These latter results are in accordance 
with previous reports [2. 20]. It is obvious that c-crystallin. 
like ó-crystallin. but in contrast to z- and /i-crystallin, has a 
relatively high amount of j-helical structure. 
The fact that the M, of native Peking duck ε-crystallin, as 
determined by high-performance gel permeation chroma-
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Table 1. Amino acid compositions of e-crystallin from Peking duck and 
alligator, compared with literature values for other crystallins 
Values for e-crystallins are the average of duplicate analyses after 
24 h, 48 h and 72 h of hydrolysis. Values for threonine and serine 
are obtained by extrapolation to zero-time hydrolysis; valine and 
isolcucinc have values for 72-h hydrolysis. Crystallins used for 
comparison were bovine a-, /SLOW- and y-crystallins [1], chicken <S-






















































































































































tography in combinalion with low-angle laser light scattering, 
is found to be 120000 [13], together with the subunit M, of 
38000, implies a trimeric quaternary structure of identical 
subunits. 
Isolation and characterization of messenger RNA 
The poly(A)-contaming RNA from Peking duck lenses 
was isolated and electrophoretically fractionated as described 
in Materials and Methods. The gel region containing the 
mRNAs between approximately 1100 and 2050 nucleotides in 
length was cut in З - т т slices. The mRNA was recovered from 
each of the slices and translated in a rabbit reticulocyte system 
in the presence of [-"Slmelhionine. The translation products 
were analyzed by SDS-PAGE and autoradiography (Fig. 6). 
The size of the ε-crystallin mRNA was estimated to be 
approximately 1450 nucleotides, as deduced from the M, of 
the mRNA in the gel fraction which synthesized the highest 
quantity of c-crystallin (fraction 14 in Fig. 6). The value of 
1450 nucleotides is in good accordance with the finding of a 
15-S fi-mRNA from sucrose density gradient ccntrifugation 
experiments (data not shown). Since the 38 000-M, ε-crystallin 
chain must contain approximately 330 amino acids, the coding 
and non-coding regions of the mRNA comprise about 990 
and 450 nucleotides, respectively. 
Occurrence in other species 
An SDS-electrophoretic comparison of lens extracts from 
a variety of vertebrate species (Fig. 7) reveals that the ε-sub-
Tablc 2. Amino acid compositions of tryptic peptides from CNBr fragments of Peking duck c-crystallin 
Purification procedures were (Л) gel filtration over Sephadcx 0-50 sf. (B) peptide mapping (high-vollage paper electrophoresis at pH 6.5 
followed by descending chromatography) and (C) rcclectrophorcsis at pH 3.8 of neutral peptides. Charges of peptides were estimated from 
their clccirophorctic mobilities at pH 6.5. No correction was rnadc for hydrolylic dcslruclion of threonine and serine. Homoserine plus 
homoserine lactone (Hsc) could nol bc determined quantitatively. Low values for valine and isolcucinc in peptides 5 and 7 are probably due 
to incomplete cleavage of peptide bonds after 22 h of hydrolysis. The presence of tryptophan was deduced from ultraviolet lluorcsccnce after 
peptide mapping. Amino acid analyses shown for peptides 9, 19 and 20 were obtained after a 72-h hydrolysis. Peptide 10 is peptide 3 plus 
Lys. Peptide 17 is peptide 16 plus Lcu-Hsc. Peptide 33 is found as Asp-Met on peptide maps after tryptic digestion of native r-crystallin. The 
number of residues given al Ihe bottom is the most probable number in Ihe analyzed peptides, i.e. giving Ihe ncarcsl to integral values (taking 
into account hydrolylic destruction and incomplete hydrolysis). Rxcluding peptides 3. 6, 6-7, 7, 8 and 16 (which result from further cleavage 

























































































































































Table 2 (Continued) 
Peptide 12 13 14 15 16 17 18 19 20 21 22 23 24 
Asp 1 0 0 7 10 10 
Thr 0 9 10 0 8 0 9 11 
Ser 2 7 2 8 1 0 2 6 
Glu 12 10 1 0 1 0 1 0 2 2 
Pro 19 19 0 9 
Uly 1 0 I 0 I 0 I 2 0 9 
Ala 0 8 4 2 4 0 1 0 
Cys 
Val 2 1 2 3 4 0 1 0 1 9 1 0 31 
Hsc + + + 
lie 0 9 2 5 
Leu 1 0 0 8 11 10 2 0 2 8 2 3 
Tyr 1 0 
Phe 0 8 0 8 
His 2 0 1 0 
Lvs 10 09 12 12 10 10 13 12 19 
Arg 12 11 10 
Trp 
Punf ABC ADC ВС AB В В ВС В AB В В В В 
Residues 3 5 3 3 13 15 2 9 8 6 6 13 12 
Charge 0 0 0 0 f i + 1 0 f i +1 +1 + 1 I 1 + 3 
Peptide 25 26 27 28 29 30 31 32 33 34 35 36 
Asp 12 10 
Thr 1 О 
Ser 2 0 0 9 2 0 10 
Glu 0 9 0 9 0 8 12 
Pro 10 1 0 
Glv 1 0 
Ala 1 0 0 9 
Cys 
Val 1 0 2 9 10 
Hsc 0 8 
lie I 1 
Leu 1 0 II 10 18 10 
Ijr 0 7 
Phe 0 9 
His 10 1 0 0 9 
L>s 1 0 1 1 1 1 1 1 1 2 1 0 10 
Arg 1 1 10 10 12 
Trp _ _ ^ 
Purif В В В В AB AB В В AB AB AB ABC 
Residues 2 2 2 2 4 9 4 6 2 3 6 5 
Charge -И + 1 f 2 + 1 + 1 + 2 + 1 l i - 1 0 + 1 0 
Peptide Sequence Peptide Sequence 
1 tiln-Gln-Glu-Gly-Glu-Ser-Ai-g 19 Ile-Val-Val-Vil-Thr-Ala-Gly-Vlll-Arg 
- ~ T h — 
3 Leu-Lys-Asp-Asp-Glu-Vel-Ala-Gln-Leu-Lys 20 Gly-Ile-Ile-Pm-Gln-Ile-Val-Lys 
~ B1-^:—τ—г-Ч1—τ——τ11— — — — li— τ^ΐί^— 
9 Gln-Val-Val-Glu-Ser-Ala-Tyt-Glu-Val-lle-Arg 22 Leu-Asn-Leu-Val-Gln-Arg 
Th Th 
Ц Ser-Ala-Asp-Thr-Leu-Trp-Ser-lle-G1n-Lys 35 Leu-Ser-Gly-leu-Pro-Lys 
\ ! У τ ц-^с^ 
Fig 4 Amino and seguentes of eight r-cr\ttallin tr] plu peptide* Peptides were sequenced by dansyl-Edman degradation (-») Subdigestions 
were carried out with thermolysin (Th) and chymolrypsin (C) 
45 
unit is only found in cerlain avian and reptilian lenses. 
Interestingly, among the investigated reptiles f-crystallin is 
only present in the crocodihans. which are supposed to be the 
closest living relatives of the birds [21]. r-Crystallin is es­
pecially abundant in ducks and geese, but is also present in 
considerable amounts in the lenses of heron, some waders and 
gulls. It also appeared to be a major compound in the lenses 
of gannet and buzzard (not shown). A 37 500-M
r
 component 
in Rana esculenta lens extract, probably comparable to the 
previously reported Rana pipiens polypeptide [22]. showed no 
reaction m the immunoblotting procedure with the f>anti-
serum 
Interspecies differences in e-crvstallm 
To obtain some information about the evolution rate of 
i-crystallm. a number of tryptic peptides was isolated, in the 
same way as described above, from ε-crystallin of the tufted 
duck (belonging to a different family in the same order. 
Ansenformes. as the Peking duck), the heron (representing a 
different avian order, the Ciconnformes) and the alligator (as 
representatie of the class Reptilia) Comparison of ammo 
acid compositions of homologous peptides from these 
i-crystallins with those of Peking duck {Table 4) provides a 
preliminary indication of the extent of evolutionary diver­
gence of the r-crystalhn sequences among birds and reptiles 
23 homologous peptides (totalling 143 residues) of tufted duck 
and Peking duck showed not a single substitution. 20 homolo­
gous peptides (127 residues) of the heron contained 8 sub­
stitutions. and 17 peptides (96 residues) isolated from alligator 
showed 6 substitutions as compared to the homologous 
Peking duck peptides. 
Because the compared ε-crystallin peptides of alligator. 
heron and ducks represent only 30 — 43% of the total chain 
and since amino acid substitutions are known to be often 
unequally distnbuted over the length of a chain, the observed 
differences may not be representative for i-crystallm as a 
Table 3. Secondary'structure values of the major Pekblg duck water-
soluhU c\ e lens proteins 
Structure Amount in crystalhn 
Fig 5 Far-u}tra\ioli't CD spectrum of Peking duck t-cr\sialltn The 
spectrum is the average of 11 scans. Path length is 0 1 mm. protein 














26 ± 3 
15+ 1 





Fig 6 Analysis by SDS-PAGE of the iSS-laheled translation products of duck lens mRN A fractions The successive lanes of this autoradiograph 
contain the translation products of the mRN As extracted from the respective slices of a denaturing electrophoresis gel on which total poly(A)-
containing RNA had been fractionated The fractions corresponding with the 18-S. 16-S and 14-S RNA size markers on the denaturing gel 
are indicated The arrow above lane 14 indicates the translation peak of the г-crystallm mRNA. corresponding to a size of approximately 
1450 nucleotides Lane M contains the [i4C]methylated marker proteins lysozyme {14 3 kDa). carbonic anhydrasc (30 kDa). ovalbumin 
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Fig. 7- SDS-geleleetrophoretlc analysis of (Α) 13 vertebrate and (В) IS avian lem exiracis (А)(1)СаІГ(В" /аигил). (2)echidna (Гя</п,і;/<мм« 
ai uleatus), (3) chicken {Gallus áomesticus), (4) Peking duck (/(nui planrlnnchos). (5) alligator {Àllizuiur mlsslssippiensb), (6) caiman {Caïman 
troimlilm). (7)cape monitor {У'агапич exanthematícus), (8) western diamond-back rattlesnake [Crotalus alrox). (9) red-eared turtle (ΓΛΙΊ WWJ« 
scripta clegans). (10) clawed toad (Jfowjntf /acv/v), (11) cichlid {Tilapia nwssatnhua). (12) spiny dogfish {Squabts acanthlasX (13) lamprey 
[Petromyzon marwus). Arrows indicate the ε-crystallin subumt. as identified by immunoblotting (B) (1) Chicken. (2) bean goose [Anscr 
fabilis). (?) gadwall (Anas streperà). (4) common golden-eye (Bucephaia ctangula). (5) mule swan {Cygnus alar). (6) lulicd duck (.4i;/iiü 
fulìgula). (7) woodpecker {Dendrocopoi major), (8) cuckoo (Гш»/и5 eanorus). (9) cool {Fuhea atra). (10) yellow-billed loon {Gavia aäamsii). 
(11) red-throated loon {Ga\ia stellata). (12) common loon {Gavia minier). (13) arctic loon {Gavia arttiea). (14) heron {Ardea cinerea). (15) 
gcntoopenguiniAiiitCf/lìTiapiM). (16) fulmar (Лі/пшгилу/иіш/іО. (17) curlew (Лшпі"/ігаіа/-(/ш/и).( 18) oyslcrcalcher(//oCTíiíjr«/)uí().sm7íi/;«j) 
Arrows indicate the i-cryslalhn subuml. as identified by immunoblotting 
Table 4 Homologous tryptic peptides in ε-crvstalliii of Peking Uuik 
(Dui heron (He) ami alligator (All 
Peptide numbers correspond to those in Table 2 and sequences (if 
known) are as gi\en in Fig 4 The one-letter notation for amino acids 
is used, and the recommended punctuation and brackets for partly 
known sequences is followed [26] None of the heron or alligator 
peptides has been sequenced The order of fragments in peptide 6-
7 8 is based on the finding of peptides 6 7 and 7 —8 Peptide 33 is 
the putative C-terminus of the total c-chatn 
ι г 3 




Du (D,N.T,A,A,V)Y(D,A,V,I)K-S-K Q-V-V-E-S-A-ï-E-ï-I-R 
Не 
Al 
II 12 13 14 15 
Du S-A-D-T-L-W-S-I-Q-K D.L.K E,G,K.L,M E.A.R L.Y," 
Du L-M(T,S,S,S,P,P,A.A,A,A,Ï.Ï)K E-K I-ï-ï-ï-T-A-G-V-R 
Не N.N.G 
A) H — 
21 22 25 26 27 28 
Du fi.G.V.V.F.K L-N-L-V-0-R F-R L-K Η-R 5-K 
29 30 33 35 
Ou Q.Ï.H.K T,S,S,V,V,V,L,B,K 0-M L-S-G-L-P-K 
whole. It is nevertheless of'interest to see whether the findings 
lor these parts of the c-cryslallm chatn would indicate the 
same or a different rate of evolution as compared to the other 
crystaliins 
Considering that the avian orders diverged approxtmateiy 
70 χ 106 year ago. and the birds and crocodiles for 200 χ 106 
years, one can estimate, as outlined earlier [9]. that the investi­
gated peptides ol'f-crystalhn evolved at a rate between 2 and 
4 substitutions per 100 residues per 100 million years This 
would be comparable to the rate of evolution of a-crystailm 
(3% sequence change per 100 χ 10" years [7]), and /i-crystal-
lins (4% change per 100 χ IO6 years [19. 23]). /-Crystaliins 
(7% change per 100 χ IO*1 years, as can be calculated from 
the results presented in [3] or 10% as estimated in [23]) and 
(i-crystallms seem to evolve somewhat faster (10% change 
perlOO χ IO6 years 19]). 
DISCUSSION 
The results of gel filtration and electrophoretic analyses 
reveal the presence of a I20000-M
r
 water-soluble protein. 
composed of three identical subumts with an apparent M, of 
38000 and a pi value of about 7.5 in Peking duck lenses. This 
protein makes up to about 10% of the water-soluble lens 
proteins in the duck. Immunoblotting results indicated that 
this protein, t-crystallm. is not immunologically related to any 
other crystallin. nor to soluble proteins extractable from a 
variety of duck organs. Also the amino acid composition. 
the sequence results, its quaternary structure and secondary 
structure characteristics support the conclusion that ocrystal-
hn represents a novel class of crystaliins. 
— 47 — 
It should nevertheless be noted that ε crystallin has some 
features in common with á-crystallin Both proteins only 
occur in birds and reptiles they have a relatively high χ helical 
content and possibly related herewith a low value for proline 
and a rather high leucine and lysine content In contrast to the 
monomenc 48 kDa and
 ; crystalhns and the heterogenous 
aggregates of a and β crystallins they show a well defined 
tnmeric or tetramenc quaternary structure respectively An 
interesting difference is that д crystallin is a typically embry 
onic lens protein [2] while e crystallin is the latest lens protein 
to appear during development of the duck lens [24] 
The possibility that r crystallin is somehow a post 
translational derivative of ¿-crystallin is ruled out by the ab-
sence of immunological or sequence relationship and most 
conclusively by the isolation of a separate m R N A for с 
crystallin 
It is tempting to suggest that the similarities between г 
and ¿-crystallin reflect specific requirements for the proper 
functioning of lens proteins in the avian and reptilian lenses 
which are characterized by a very soft consistency and great 
plasticity in relation to their unique accomodative properties 
m 
It is remarkable that the major lens proteins in the duck 
and in many other birds and reptiles are the products of five 
unrelated gene families з /I ,- d- ε- and 48 kDa crystalhns 
[I 8] » h i l c m mammalian lenses only two gene families (x and 
β ,) take care of the crystallin production [25] The scattered 
occurrence of ι -crystallin among avian species is also 
intriguing While it is found in considerable amounts in some 
species like duck it is apparently absent in others like 
chicken This opens interesting possibilities for comparative 
studies of gene expression 
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Lamprey 48-kDa lens protein represents a novel class 
of crystallins 
Steven O. Stapel and Wilfried W. de Jong 
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Received 30 August 1983 
SDS-PAGE revealed a major M, 48000 polypeptide of pi around 8 in the water-soluble fraction of 
lamprey lenses It occurs as a monomenc protein, and its amino acid composition and tryptic peptides 
show no resemblances to α·-, β·, y- or í-crystallin. Immunoblotting with antiserum against the 48-kDa 
protein revealed an immunologically related polypeptide of similar M, in reptiles, several birds and a fish, 
but showed no cross-reactivity with any other water-soluble lens component. The 48-kDa protein is not 
detected in many birds and fishes, and in the investigated mammals and amphibians 
Crystallin Lens protein Lamprey Protein evolution Immunoblotting 
1. INTRODUCTION 
The verlebrate eye lens contains a number of 
organ-specific water-soluble proteins, the 
crystallins, which are classically divided into dif-
ferent groups, designated as α-, β-, y- and <$-
crystallins [I]. Especially the ¿-crystallins have 
caught the investigators eye, not only by the cir-
cumstance that they show a number of features 
concerning regulation of protein synthesis, protein 
structure and evolutionary development which sets 
them apart from the other crystallins [2-4], but 
also by the fact that they appear only in the lenses 
of the sauropsidan species (birds and reptiles), 
although cloned chicken i-crystallin cDNA se-
quences seem to hybridize weakly to genomic DNA 
from other phylogenetic groups, insects included 
[5]. i-Crystallin is a tetrameric protein, ranging in 
Mr from 150000 to 200000 and is composed of 
subunits with M, between 45000 and 50000 [6-8]. 
This clearly distinguishes ¿-crystallin from the 
other crystallins, which have monomeric Mr-values 
between 20000 and 34000 [1]. We therefore were 
surprised to find, in the course of a comparative 
eleclrophoretic analysis of vertebrate lens extracts 
in SDS-gels, a major Mr 48000 polypeptide in the 
eye lenses of sea lamprey, and it seemed worth-
while to isolate and characterize this component in 
order to establish its possible relationship to 
sauropsidan ¿-crystallin. 
2. MATERIALS AND METHODS 
Sea lampreys (Petromyzon marinus) were 
caught in the river Maas, and after dissection the 
eye lenses were stored at -20°C. Lenses of 
12-week old chickens and of other species were ob-
tained and treated as in [4]. Due to their extreme 
hardness, the lamprey lenses had to be homogeniz-
ed by means of a Polytron apparatus (Kinematica 
GMBH, Luzern) in a small volume of 1% am-
monium bicarbonate, pH 7.9. After centnfugation 
for 30 min at 10000 χ g, the supernatant was ap­
plied to a column (125 χ 3.5 cm) of Ultrogel 
AcA-34 (LKB) and eluted at room temperature 
with the solvent mentioned. After gel filtration, 
fractions containing protein material were pooled 
an lyophilized. Slab gel electrophoresis was per­
formed in 13% Polyacrylamide gels containing 
0.1% sodium dodecylsulfate as in [9]. Two-dimen­
sional gel electrophoresis was performed as in [10]. 
Peptide mapping and amino acid analysis of pro-
Published by Elsevier Science Publishers В У 
0O145793/83/$3.0O © 1983 Federalion of European Biochemical Societies 
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teins and their tryptic peptides were performed as 
in [4]. To obtain antisera against the sea lamprey 
protein and chicken ¿-crystallin, immunization was 
carried out with protein samples which, after gel 
filtration, had been purified by preparative 
SDS-PAGE and were removed from the gel 
material by electroelution. Rabbits were injected 
with 2 mg of protein in the presence of complete 
Freund's adjuvant, and blood samples were taken 
after 3 weeks. Electroblot transfer and immuno-
autoradiography with [125I]protein A were per-
formed as in [11]. 
3. RESULTS AND DISCUSSION 
The sea lamprey water-soluble lens extract con-
tains a major polypeptide component of Mr 48000, 
which is in the molecular mass range of the saurop-
sidan ¿-crystallin subunits (fig.lA). However, its 
elution volume on a gel filtration column, 
calibrated with calf lens crystallins of known M,, 
shows that it behaves like a monomer, in contrast 
to the tetrameric ¿-erystallin (fig.2). Two-dimen-
sional gel electrophoresis of chicken and lamprey 





5 0 K D a ^ W ~ t 
Fig. 1(A). SDS-PAGE of water-soluble lens proteins of (1) chicken (Gallus domesticus); (2) alligator (Alligator missis-
sippiensis); (3) turtle (Pseudemys scripta-elegans); (4) sea lamprey (Pelromyzon marinus); (B) Immunoblotting of the 
same gel with antiserum against chicken rf-crystallin; (C) Immunoblotting with antiserum against lamprey 48-kDa 
protein. 
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Fig 2 Comparative gel filtration-on Ultrogel AcA-34 of lens extract of chicken ( ) and sea lamprey ( ) Arrows 
indicate the elution volumes of calf »-crysiallin (Л/г 800000), ^ H,th-crystallin (Л/, 180000), /ÍLow-crystallin (M, 50000) 
and
 r-crystallin (Λί, 20000) Insert SDS-PAGE of (1) marker proteins cytochrome с (12400), myoglobin (17000), 
a-crystallm A (20000), chymotrypsinogen A (26000), ovalbumin (45000), leucine aminopeptidase (54000), bovine 
serum albumin (68000) and phosporylase A (93000), (2) lamprey lens extract, (3) 48-kDa protein 
at an isoelectric point of about 8, while the rf-crys-
tallm subunits are found in the pH 5-6 region 
(fig 3A,B) Amino acid analysis of the 48-kDa pro­
tein (Table 1) does not, amongst others, reveal the 
low value for tyrosine, and the high values for 
threonine and leucine which are characteristic for 
δ crystallins [4,7] Peptide mapping followed by 
amino acid analyses of 22 tryptic peptides, accoun­
ting for about 30% of the total polypeptide chain, 
did not reveal any significant resemblances to S-
crystallin peptides either 
Immunoblolling of the lens extraes shown in 
fig 1A, using antiserum against chicken 6-
crystallin, gives the expected reaction with the 
(5-crystalhn bands of chicken, alligator and turtle, 
but not with any of the lamprey polypeptides 
(fig IB) On the other hand, the antiserum against 
the 48 к Da protein not only reacts with the lam­
prey component, but also evokes a similar reaction 
with a band just below ¿-crystalhn in the turtle and 
alligator lens extracts (fig. 1С). 
In the course of further comparative im-
munoblotting a number of vertebrate water-
soluble lens extracts were studied, including mam­
mals (calf, horse, rhesus monkey, and the 
Australian spiny anteater), amphibians (Rana 
esculenta, Xenopus laevis), reptiles (caiman, rat­
tlesnake, monitor lizard), birds (emu, penguin, 
gannet, peking duck, buzzard, coot, gull, pigeon, 
budgerigar, cuckoo and eagle owl), fishes (river 
lamprey, dogfish, alligator gar, cichhd and carp). 
A clear immunological reaction appeared with a 
± 48-kDa band in lens extracts of all reptiles, a 
number of avian species (emu, penguin, gannet, 
duck, gull, cuckoo) and with the lens extracts of 
alligator gar and river lamprey. The anti-48-kDa-
serum did not react with any other protein band of 
any lens extract subjected to the immunoblotting 
51 
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Fig.3. Two-dimensional gel electrophoresis of lens extracts of chicken (A), sea lamprey (B), peking duck (C) and turtle 
(D), using 14Ό ampholine (pH 3.5-10); 1.3% ampholine (pH 7-9) and 2.6% ampholine (pH 6-8) in the focusing gels. 
Arrows indicate the 48-kDa protein in lamprey and the corresponding components in Peking duck and turtle. The turtle 
component apparently occurs in different charge forms, probably due to deamidation. Reference lanes of fig. ЗА and 
3C contain lens extracts of chicken and Peking duck, respectively. 
procedure (not shown). Comparative gel filtration 
of lens extracts from alligator, lizard, turtle and 
peking duck clearly showed the presence of the 
48-kDa-related component in the /?Low-fractions, 
which is an indication of its monomeric behaviour 
in these species. Two-dimensional gel electro­
phoresis of the lens extracts of Peking duck and 
turtle (fig.3C,D) pointed out that the protein in 
birds and reptiles, as compared to the lamprey 
component, has a lower isoelectric point, of about 
6. In fact, the two-dimensional gel of chicken lens 
extract (fig.ЗА) also reveals a minor spot in a posi­
tion corresponding to the duck 48-kDa compo­
nent. It thus can not be excluded that a small 
amount of the 48-kDa protein, although not 
detected by one-dimensional gel immunoblotting, 
is present in chicken lens as well. 
These data allow us to conclude that the lamprey 
48-kDa lens protein is not detectably related to S-
crystallin, nor to the α-, β- or y-crystallins. It 
represents a new class of crystallins with a scat­
tered distribution among vertebrates. It is 
immunologically related to the turtle 46-kDa (pi 
6.2) polypeptide observed but not further charac­
terized [12]. 
The presence of the 48-kDa protein in distantly 
related taxa with structurally very different lenses, 
such as lampreys, the fish superorder Holostei, 
— 52 — 
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Table 1 
Amino acid composition of lamprey 48 kDa lens protein 
compared with literature values for chicken i-crystallin 













































































































' Values are the average of duplicate analyses after 24, 
48 and 72 h of hydrolysis Values for threonine and 
serine are obtained by extrapolation to zero time 
hydrolysis, valine and isoleucine have values for 72 h 
hydrolysis 
reptiles and several avian species, while the protein 
is not detected in many other, sometimes closely 
related taxa, makes it difficult to attribute a 
specific structural-functional significance to this 
protein, nor can it be seen as a characteristic 
phylogenetic trait This protein clearly is the pro­
duct of an evolutionanly old gene, which has large­
ly or completely been silenced in the eye lenses of 
the investigated mammals, amphibians, teleost 
fishes, shark, and in many birds, while it is still ex­
pressed in other groups Especially intriguing is the 
situation among birds, where the 48-kDa compo­
nent occurs scattered over different orders It 
would be of interest to establish whether the gene 
for this protein still occurs in the chromosomal 
DNA of species which seem to have lost the com­
ponent in their eye lenses, and if so, to study the 
structural changes that led to its inactivation 
ACKNOWLEDGEMENTS 
We are grateful to Marlies Versteeg for perform­
ing the ammo acid analyses Alligator lenses were 
kindly provided by Dr H C Dessauer (New 
Orleans), and most avian lenses by Dr J Wattel 
(Amsterdam) This investigation was supported by 
the Foundation for Fundamental Biological Re­
search (BION), and the Netherlands Foundation 
for Chemical Researsch (SON), which are subsidiz­
ed by the Netherlands Organization for Pure 
Research (ZWO) 
REFERENCES 
(1] De Jong, W W (1981) in Molecular and Cellular 
Biology of the Eye Lens (Bloemendal, H ed) 
pp 221-278, Wile>, New York 
[2] Shinohara, Τ and Piatigorsky, J (1977) Nature 
270, 406-411 
[3] Horwitz, J and Piatigorsky, J (1980) Biochim 
Biophys Acta 624, 21-29 
[4] De Jong, W W , Stapel, S O and Zweers, A 
(1981) Comp Biochem Physiol 69В, 593-598 
[51 Piatigorsky, J (1983) Mol Cell Biochem in press 
16] Rabaey, M , Lagasse, A and De Mets, M (1969) 
Acta Zool Pathol Antverp 48, 63-71 
[7] Piatigorsky, J , Zelenka, Ρ and Simpson, R Τ 
(1974) Exp Eye Res 18, 435-446 
[8] Williams, L A and Piatigorsky, J (1979) Eur J 
Biochem 100, 349-357 
[9] Laemmh, U К (1970) Nature 227, 680-685 
[10] O'Farrell, Ρ Η (1975) J Biol Chem 250, 
4007-4021 
[II] Burnette, WN (1981) Anal Biochem 112, 
195-203 
[12] Williams, L A , Piatigorsky, J and Horwitz, J 
(1982) Biochim Biophys Acta 708, 49-56 
— 53 — 

ІІ-Ч: c-crystallln, Ц8 KDa-crystallln and the grouping of avian orders 
The scattered occurrence of nE-cry3talllnn and "Μθ KDa-crystallin11 among 
avian зресіез made It very tempting to test their value аз taxonomie trait in 
a cladistic analysis of avian orders. 
Unfortunately, both components turned out to be present before the avian 
radiation, as could be concluded from the studies of reptilian, raaramallan, 
fish and lamprey lenses. 
They must therefore be considered to be "primitive*1 character states 
(pleslomorphles) (Hennlg, 1966), lost in some avian species: eagle owl, coot 
and budgerigar, for Instance, are devoid of both components; cuckoo, emu and 
penguin have lost "E-crystallin" ; heron and buzzard do not show the "1(8 KDa-
crystallin", while duck, gull and gannet, like the alligator, still have both 
compounds in their lenses. 
This implies that these components cannot be used as synapomorphles to 
group avian species together. Yet, a very important Іеззоп may be learnt from 
these lenticular protein pattern comparisons: figure 6, page 37, clearly shows 
that in general the same protein bands are found In most lenticular patterns, 
although relative amounts may differ greatly. This may well imply, that 
specific protein components being present in low amounts, could escape from 
detection. 
This again would mean that some bands, which seem to be absent, actually 
are present, but cannot be seen. Assuming that the genetic information for 
these components has not been lost. It Is well possible that their synthesis 
proceeds at a relatively low rate, depending on the activity of some regulato­
ry control mechanism. 
Because of the fact that there exists no principal difference between the 
presence or absence of some polypeptide chain in the avian lens or the pres­
ence or absence of some specific anatomical or morphological feature, it must 
be concluded that the use of these latter characters as taxonomie Instruments 
may be troubled by the same difficulties. All the perceptible features of an 
organismal "building plan" are the result of, and under control of, a highly 
specialized, complicated and integrated unity of regulatory mechanisms. Be­
cause of the circumstance that these control systems may bring about some very 
gradual changes In the morphological-anatomical appearance, transition states 
may come into existence which escape the human perception. This is the reason 
that Archaeopteryx may as well be considered a feathered coelurosaur, аз a 
toothed bird (Padien, 1982). Nowadays the distinction between a bird and a 
reptile Is not too difficult, but the recognition of gradual transitions is 
very troublesome, and may well be highly subjective. This may also hold true 
for the appreciation of changes occurring In some solitary morphological or 
anatomical character state, which Is used to perform a cladistic analysis. 
Cladistic analyses, as previously outlined, should result In a direct di-
agrammic representation of the phylogeny of a given set of taxa, recognition 
of generally accepted synapomorphles at the anatomical-morphological level, 
however, may be utterly difficult, due to the possibility of incorrect In­
terpretations of anatomical structures, and convergences. It would, therefore, 
be most convenient if objective, easily Interpretable traits were at hand. 
Fortunately, it seems that these can be obtained from macromolecular se­
quences . 
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I1-5: Why macromolecular sequence comparisons? 
One of the paradigms of modern biology is the notion that each phenotypical 
character is determined by genotypical factors which have turned out to be 
specific nucleotide sequences of the chromosomal DNA. In other words, every 
biological manifestation is essentially the result of macromolecular se-
quences. Chromosomal DNA is translated into protein sequences, some of which 
will act as structural components, while others will become part of regulatory 
systems, determining the specific outward appearance and functioning of the 
organism. 
Starting from this principle, it should theoretically be possible to define 
biological species as "the total of their nucleotide sequences". Changes in 
these sequences which are dramatic enough to give rise to altered sets of pro-
teins and regulatory mechanisms, will finally lead to what we consider to be a 
"new" species, or, as we might say in a reductionist way, "a new set of se-1 
quences", which will no longer interbreed with the "old sequences". 
It has recently become possible to determine these nucleotide sequences, 
which, again theoretically, opens ' the way to the description of biological 
species on the basis of their nucleotide sequences, but so far no serious at-
tempts have been made to solve taxonomie problems by direct DNA sequence com-
parisons. 
Yet, they have been used in an indirect way to obtain answers to phylo-
genetic problems: Sibley and Ahlqulst used the technique of DNA-DNA hybridiza-
tion to determine passeriform interrelationships (Sibley and Ahiquiat, 1980; 
1982), and to reconstruct the genealogy of the ratites, kiwis and tinamous 
(Sibley and Ahlquist, 1981). Also restriction fragment analyses of mitochon-
drial DNA have been applied to avian phylogeny (Kessler and Avise, 1985). 
Although these DNA-technlques have already yielded some interesting taxo-
nomie conclusions, also in other areas of vertebrate phylogeny (Brown et al., 
1979), they both do not provide the required shared derived characters to per-
form cladlstlc analyses; the Information they produce is phenetlc. 
Starting from the idea that by phenetlc taxonomie procedures problems are 
formulated which may be solved by cladistic approaches, it will be clear that 
in particular the direct comparison of macromolecular sequences, yielding 
manageable shared derived characters, seems to be a very attractive way to 
deal with these problems. 
From the foregoing it can be concluded that It is often very difficult to 
judge objectively the validity of some anatomical-morphological character. A 
decisive method for the phylogenetic classification of biological species on 
the basis of shared derived characters may therefore possibly be found in com-
parative nucleotide sequence studies of the chromosomal DNA. 
Although the technical possibilities to do this Job are already within 
reach, it was decided to investigate first which information about avian phy-
logeny could be obtained from the comparative study of some of the translation 
products, directly reflecting the sequences of this DNA: the amino acid se-
quences of proteins. 
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I1-6: Protein sequences in avian phylogeny 
Protein characteristics have already been applied, as previously outlined, 
in solving taxonomie problems, in most cases without much conclusive result 
(Gysels, 1964; Kitto i Wilson, 1966; Sibley i Ahlquist, 1972). This must be 
attributed to the circumstance that mere protein electrophoretlc mobility, 
which was the character state concerned in these investigations, in most cases 
gives too little information to reach sound taxonomie conclusions. More clues 
can be expected from direct amino acid sequence comparisons of homologous pro­
teins. The idea behind this assumption is that after the divergence of two 
biological species frora a common ancestor the independently accumulated 
changes in the chromosomal DNA of both sister-species may be reflected in the 
amino acid sequences of homologous proteins. The sequence differences are ex­
pected to be more pronounced when the species under comparison are phylogenet-
ically more remote. 
An early example of the usefulness of this method is the phylogenetic tree, 
based on cytochrome с sequences from a wide variety of biological species, 
which perfectly reflects the generally accepted ideas of the taxonomie in­
terrelation of the biological higher order taxa (Dayhoff, 1972). 
Although many more protein sequences have been determined, which have sig­
nificantly contributed to the understanding of phylogenetic relationships 
(Goodman, 1982), few attempts have been made to elucidate the many avian evo­
lutionary uncertainties by application of these techniques. Some phylogenetic 
conclusions, however, were drawn from comparative sequence determinations of 
cytochrome £ (Howard et al., ІЭТЦ) and lysozyme £ (Jolles et al., 1979). Un-
fortunately, both examples happen to illustrate some of the major pitfalls of 
comparative amino acid sequence determinations. 
Valuable phylogenetic Information can be obtained from comparative sequence 
determination, provided that some important conditions are met: 
1. The sequences to be compared, should not only be homologous, but also 
orthologous (Fitch, 1970). This means that the homology of these proteins 
should have arisen from speciatlon, not via gene duplication. Homology ori-
ginating frora gene duplication is properly called paralogy. The evolution-
ary relationships between orthologous sequences should be congruent with 
those of the species from which the proteins have been obtained. 
Chicken and duck lysozyme £ appeared to have similar amino acid sequences, 
showing extensive immunological crossreaction (Wilson et al., 1977). The lyso-
zyme from goose, however, did not crossreact with either of these two lyso-
zyraes, although geese are phylogenetically closely related to the ducks. 
The explanation for this odd phenomenon is, that goose lysozyme appears to 
be paralogous, rather than orthologous, to chicken and duck lysozyme £. It is 
the product of another genetic locus, arisen by gene duplication, long before 
the divergence of galliforras and anseriforras, as could be deduced from the 
circumstance that in black swan both types of lysozyme £ were found (Arnheim, 
1973). 
Misinterpretations of this kind may easily occur when genes, coding for the 
amino acid sequences to be studied have undergone one or more duplications 
during their evolutionary history, as is frequently the case. 
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2. The orthologous genes in both species must have accumulated sufficient mu­
tations to result In informative amino acid replacements. 
Not all nucleotide substitutions In the chromosomal genes are reflected 
by amino acid replacements in the corresponding polypeptide chains, due to 
the degeneracy of the genetic code, and if molecular evolution has been 
too slow, It is very possible that no Informative shared derived replace­
ments can be found for the construction of an evolutionary tree. 
This is actually the case with avian cytochrome с 
Figure 7: Phylogenetic tree on the basis 
of cytochrome с sequences. 
From: Howard et al. (1974). 
The constructed tree hardly contains any phylogenetic information, although 
more information than the authors themselves were able to detect (see: Section 
III-5). 
If molecular evolution on the other hand has proceeded too rapidly, the 
many occurring amino acid replacements are no longer phylogenetlcally Inter­
pretable . 
In other words: it is of major Importance to find the right polypeptide 
chain for sequence comparison, and the tool chosen for the following compara­
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III-1: Why g-crystallln A? 
The main reason to choose the αΑ-chaln as a taxonomie tool for the elucida­
tion of avian phylogeny, was the fact that It had previously proven its use­
fulness in the study of mammalian phylogeny. 
It appeared to be a single-gene product (King and Platlgorsky, 1983), hav­
ing evolved at such an evolutionary rate that sufficient taxonomlcally infor­
mative amino acid replacements had been accumulated among higher order ver­
tebrate taxa. 
Cladistic analysis of 42 mammalian oA-chains, including chicken and frog 
for outgroup comparison, resulted in a phylogenetlc tree, based upon shared 
derived amino acid replacements, which not only reflected the generally ac­
cepted biological opinions, but also provided new evidence for the solution of 
mammalian taxonomie problems (De Jong et al., 1984). 
Comparative aA-sequence studies resulted, for instance, in strong evidence 
for the position of the order Tubulidentata (aardvark) close to the Paenungu-
lata (sea cows, hyraxes and elephants) (De Jong et al., 1981), while other as­
sumed phylogenetlc mammalian relationships were confirmed. 
Figure a-1: Mammalian evolutionary tree based on 
comparative aA-sequence détermination. 
From: De Jong et al. (1984). 
Because of the circumstance that the adaptive radiation of mammalian and 
avian orders is assumed to have proceeded over a comparable span of time (Ro-
mer, 1966) and that birds, like mammals, are supposed to possess a single gene 
in their haploid genome for the oA-chaln (Dodemont, 1984), it seemed reason-
able to test this polypeptide chain for its phylogenetlc Information contents 
on avian orders. 
It appeared that sufficient lens material from representatives of different 
avian orders could be obtained, and that no major problems were to be expected 
with the determination of avian oA amino acid sequences. 
The proposed strategy was the same as in the mammalian study: isolated oA-
chains from various species were to be degraded chemically and enzymatically, 
and the resulting small peptides isolated by peptide mapping. 
The amino acid compositions of these peptides were to be compared with the 
corresponding ones of a reference protein, in this case: chicken oA, of which 
the amino acid sequence was almost completely known at the time this investi-
gation was to begin. The complete chicken aA-sequence was published some time 
later (De Jong et al., 1981)), and appeared to be in complete accordance with 
the previously determined chicken aA-sequence, deduced from cDNA-sequencing 
(Yasuda, personal communication, 1982). 
Hhen no differences in amino acid composition between the "unknown" and the 
"reference" peptides were observed, it was assumed that these similar composi-
tions resulted from similar sequences. This assumption had previously been 
proven to be acceptable in the case of the comparisons of small peptides (Van 
Druten et al., 1978). 
Peptides showing amino acid compositions differing from the reference pep-
tide were subjected to amino acid sequence determination, using the dansyl-
Edman procedure as described by Driessen et al. (1981), to localize amino acid 
replacements. In this way the complete aA-sequences of turkey, Peking duck, 
mute swan, crow, eagle owl, oystercatcher, coot, buzzard, gannet, rhea and emu 
were determined, while the nearly-complete sequences of budgerigar, pigeon, 
guillemot, black-headed gull, curlew, fulmar, gentoo penguin and ostrich could 
also be included in the computer analyses used for the assessment of cladlstlc 
relationships among the investigated species. 
The oA-isolations, sequence determinations, phylogenetic implications and 
other points of discussion will be outlined in the following sections. 
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III-2: αΑ-isolatlon from Peking duck lenses 
If sufficient avian lenses can be obtained, the aA-chain can relatively 
easily be isolated, a.o. by virtue that it is part of a water-soluble high 
molecular weight aggregate, the a-crystallin molecule. 
This a-crystallin protein, present in the lenses of a wide variety of ver­
tebrate species, is composed of two different types of polypeptide chains, the 
acidic αΑ- and basic aB-chains, each about 170 amino acid residues long, being 
homologous products of a common ancestral gene. These subunlts, mostly re­
ferred to as αΑ. and aB-, to discriminate them from their post-translationally 
modified forms αΑ. and αΒ., occur in varying ratio's, depending on the species 
studied, in the a-crystallin aggregate, which has in avian lenses an approxi­
mate Mr of 600 χ 10 . 
The aA-chain has recently drawn the attention by the circumstance that it 
has enabled the observation of a unique mRNA-spllclng abberatlon, leading to 
an elongated aA-chain In rodents (Cohen et al., 1978), and by its sequence 
homology with the small heatshock proteins of Drosophila (Ingolla and Craig, 
1982). 
The aA-lsolatlon and sequence determination is exemplified below for Peking 
duck aA-crystallin. Unless mentioned otherwise, no essential differences exist 
with aA-isolations and elaborations of other avian species. 
1. Eye lenses 
Duck lenses were excised from fresh duck heads. It turned out to be very 
easy to get the lens out of the eye by incision of one eye corner, then 
clipping the eye open along its edge and softly pressing the eye ball. In 
this way a hundred duck lenses, weighing 100 mg each, were obtained. 
It should be mentioned, however, that it is not obligatory to start with 
fresh material. It Is also possible to isolate proper aA-material from 
frozen stored bird eyes, or from guanidine hydrochloride stored material 
(De Jong et al., -1984). 
2. aA-Isolation 
After homogenization of lens material in two volumes of 1$ ammonium bi­
carbonate pH 7.9, with a Potter-Elvehjem apparatus, centrifugatlon was per­
formed for 20 min at 15,000 £, resulting in a supernatant containing all 
major water-soluble lenticular proteins, being the a-crystallin aggregate 
(composed of αΑ- and aB-chains), tetrameric δ-crystallin, trimeric e-cry-
stallin, heterogenous B-crystallin aggregate, and monomeric hb 
kDA-cryatallin (fig. M-1). This supernatant, containing about 700 A_fin Opt­
ical Density Units, was applied to a column (120 χ 3.5 cm) of Ultrogel AcA 
31) (LKB), and eluted at room temperature, using the homogenization buffer 
as eluens, at a flow rate of 30 ml/h. 
This procedure resulted in the elution profile of figure M-2. Water-
soluble lenticular proteins are thus separated on the basis of their molec­
ular mass. Pooled and lyophilized fractions are subjected to slab gel elec­
trophoresis in the presence of sodium dodecyl sulfate (Laemmll, 1970) to 
test their identity and purity (fig. М-2-insert). In the case of Peking 
duck crystalllns, also Circular Dichroic spectroscopy of millipore-filtered 
peak fractions was Involved in the characterization of these proteins (see 
also page 46 for the obtained secondary structure values). The CD-spectra 
are presented in figure M-3· and revealed that the secondary structures of 
the crystalllns are quite different. 
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Figure M-l: Two-dimensional electrophoresis of Peking duck lens extract, using 
1% ampholine (pH 3.5-10); 1.3% ampholine (pH 7-9) and 2.6% ampho­
line (pH 6-8) in the focusing gels. 
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Figure M-2: Elution profile of Peking duck water-soluble lens proteins. Insert: 
SDS-PAGE of peak fractions. 
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Figure M-3: Circular Dichroism spectra of water-soluble Peking duck lenticular 
proteins. 
After pooling and lyophillzation of the Peking duck a-crystallin-containing 
fractions, about 150 mg of α-crystallln was obtained, which had to be subject­
ed to an ion-exchange chromatographic procedure, using a 0.8 χ 22 cm column of 
oarboxymethyl cellulose (Whatman CM-52) and a linear gradient of 0.4-0.12 M 




Figure M-4: Ion-exchange chromatographic profile of Peking duck a-crystallin. 
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Pool 2 contains the primary gene product oA-, while pool 1 represents the 
post-translational charge-modification aA, . The same goes for pools U and 3. 
containing aB and aB., respectively. 
The SDS-electrophoretic patterns and alkaline-urea Polyacrylamide gel elec-
trophoretic patterns of these pools are shown in figures M-5 and M-6, indicat­
ing that pool 2 contains a relatively pure aA-fraction which is ready to be 
used for further elaboration, in order to elucidate its amino acid sequence. 
It turned out that about 50 mg of pure aA-protein could be Isolated from 
100 duck lenses. 
Figure M-5: SDS gel electrophoretic patterns 
of ion-exchange pool 1/4. Teft: 
MW marker protein. 
20. 
ref. 1 2 3 4 
Figure M-6: Alkaline-urea gel electrophoretic 
patterns of ion-exchange pool 1/A. 
a: total a-crystallin. 
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III-3: aA-sequence determination 
To deduce the amino acid sequence of duck aA-crystallin, comparisons of am­
ino acid compositions of small duck peptides and chicken reference peptides 
were made, аз stated before. 
To obtain these small peptides, the αΑ-chaln was subjected to S-B" 
aminoethylation, resulting In an additional trypsin-sensltlve site by chemical 
modification of the cysteinyl residue at position 131. Then a small portion of 
the total material (about 4 mg), was digested with trypsin. 
The rest is chemically fragmented by treatment with cyanogen bromide 
(CNBr), as described by Drlessen (1981). This results in a mixture of four 
fragments, which is applied to a gel filtration column of Sephadex G50 sf in 






АО 60 80 
Figure M-7: Gel filtration of CNBr-cleaved Peking duck aA. 
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Fraction n u m b e r 
Pool 1 contains uncleaved material, while peak 2 represents the two major 
CNBr-fragments: res. 2-74 and res. 75-138. Pool 3 contains two smaller frag­
ments: res. 139-150 and res. 151-173. Methionyl-resldue 1 is split off and 
lost in this procedure, which is the reason that some of the protein material 
is not subjected to CNBr-treatment, but completely digested with trypsin, 
which also gives the opportunity to designate some overlap peptides. 
After lyophllization of pools 2 and 3. tryptic digestion is carried out, 
followed by separation of the tryptic peptides by high voltage paper electro­
phoresis at pH 6.5 and descending chromatography as described elsewhere (De 
Jong et al., 1981). Peptide maps were stained with Ninhydrin or Fluorescamlne 
(Fluram, Roche) (Udenfreund et al., 1972), to enable the detection of the pep­
tides for amino acids analyses. 
This strategy, based on the CNBr-treatment, turned out to be a very useful 
one because of the fact that so far it never had been possible to find the 
tryptic peptide res. 71-78. CNBr-treatment, however, splits this peptide into 
two easily detectable smaller peptides by the circumstance that res. 74 ap­
peared to be a methionyl residue. This finding made it possible to complete 
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the chicken aA-sequence, functioning аз a reference-sequence for the other 
unknown avian oA-ehains. 
Although the main part of the αΑ-chaln could be mapped in this way, another 
part remained "out of sight". This missing Information is partly represented 
by a number of peptides which can be found, after electrophoresis and chroma­
tography, in the so-called "neutral zone" (NZ), which harbors the peptides un­
charged at pH 6.5. These peptides can be separated by a second electrophoretle 
step. The "NZ" is cut out of the original peptide map, applied on a new atrip 
of What man-pa per and subjected to electrophoresis at pH 3.5. 
The last problem is the large tryptic core-peptide res. 22-49, which pre­
cipitates after trypsin treatment and is Insoluble at pH 6.5. This last "hid­
den part" of the oA-chain can be Included in the peptide comparisons by wash­
ing this Insoluble precipitate three times with 0.01 M HCl, followed by ther-
molytlc digestion. This results in 7 small peptides which can easily be 
separated by peptide mapping. 
By application of the complete procedure, all the peptides of the αΑ-chaln 
can be found and compared to the reference sequence. The following table 
(table M-1), summarizes the results of peptide-detection after cyanogen 
bromide cleavage of the avian aA-chain, while figure M-8A,B,C, indicates the 
map positions of the Peking duck aA tryptic and thermolytic peptides. Figure 
M-9 shows the complete Peking duck a-crystallin A sequence, with threonine at 
position 153, instead of the chicken serine-153. 
Table M-11 Tryptic peptides obtained by trypsin treatment 
of CNBr-pools 2 and 3 (f ig. H-6). 
CNBr-pool Tryptic peptide Residues 
•TI 
T2 
« ·. TO (Insoluble core-peptlde) 
T5 
T6 
T7 (neutral'zone peptide) 
Τβ (neutral-zone peptide) 
T9a 






































 CB-T1 lacks the Mthlonyl-residue 1. which Is round by 
tryptic digestion or non CMBr-oleaved oA-aaterlal, 
yielding TKreal-l l ) . 
*• Thermolytic subdlgestlon or TI resulta in seven 
thermolytic (Th-) peptides: Thl, res. 22-26; Th2, res. 
27-30; Th3, rea. 31-35; Thl. res. 36-39; Th5. r e e . 
10-13; Th6, res. 11-17 and Th7, res. 18-19. 






















''— elecbrophoresib —> 














Figure M-8C: Thermolvtic peptides from tryptic core-peptide 22-49. 
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-His-Ser-Glu-Arg-Gln-Asp-Asp-H1s-Gly-Tyr-Ile-Ser-Arg-Glu-Phe-H1s-Arg-Arg-Tyr-Arg-Leu-Pro-Ala-Asn-Val-
130 ± 140 
-Asp-Gln-Ser-Ala-Ile-Thr-Cys-Ser-Leu-Ser-Ser-Asp-Gly-Met-Leu-Thr-Phe-Ser-Gly-Pro-Lys-Val-Pro-Ser-Asp-
isql leo по 
-Met-Asp-Pro-Thr-H1s-Ser-Glu-Arg-Pro-Ile-Pro-Val-Ser-Arg-Glu-Glu-Lys-Prp-Thr-Ser-Ala-Pro-Ser-5er-0H 
ure M-9: Peking duck α-crystallin A amino acid sequ^ice. («—•) tryptic 
and (•--•) thermolytic peptides. Arrows (*) indicate CNBr-
cleavage points. (—»-—•• ) indicate dansyl-Edman degradation 
steps to localize amino acid replacements. 
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After some time, however, it appeared that the time-consuming gel-
fi Itrational separation of CNBr-fragments could be omitted. This finding re-
duced the amino acid sequence determination of an unknown avian aA-chain to: 
1. S-B-aminoethylatlon and cyanogen bromide cleavage 
2. tryptic digestion of the total CNBr-cleaved material 
3. washing the remaining precipitate with 0.01 M HCl 
4. thermolytic digestion of this precipitate 
5. peptide mapping of tryptic and thermolytic peptides 
6. pH 3.5 reelectrophoretlc separation of overlapping peptides ("Neutral 
Zonen-peptide3 and T5/T17b2) 
7· amino acid composition comparisons to reference chicken peptides 
8. dansyl-Edman sequence determination to localize amino acid replacements 
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ΙΙΙ-Ί: Other avian qA-chalns 
This procedure, which was in most cases performed succesfully, indicates 
that the different avian water-soluble lens proteins are present in varying 
relative amounts, as can be concluded from the gel filtration patterns of Pek­
ing duck, curlew, eagle owl and emu (fig. M-10). 
elution volume 
Figure M-10: Gel filtration profiles of water-soluble lenticular proteins 
from four different avian species. 
After checking the purity of individual protein pools by SDS-gel electro­
phoresis, It appeared that in a number of cases a-crystallin pools were con­
taminated with other orystallins. Particularly in the emu gel filtration 
B-crystallln components could be found all over the pattern. In those cases, 
o-crystallln enriched fractions were pooled, concentrated by Amlcon filtra­
tion, to avoid possible undesired lyophlllzation artefacts, and reapplied onto 
the same column, which in all cases resulted in an improved purity of the 
a-crystallln pool. 
In some cases, the amount of a-crystallln did not seem to be sufficient to 
perform ion-exchange chromatographic isolation of the oA-chain, because of the 
possible losses of protein material resulting from this procedure. Because of 
the circumstance that the relative amount of oA-chain in the a-crystallin ag­
gregate exceeds the amount of aB, it was in a number of cases (curlew, guil­
lemot, oystercatcher, fulmar and budgerigar) also possible to omit the ion-
exchange step and to use complete a-crystallin for the peptide comparisons. 
A special case, however, was represented by the aA-lsolation from ostrich 
lenses, which were transported in guanldlne hydrochloride from South Africa. 
It appeared not to be possible to reassoclate the crystallin polypeptides Into 
their original aggregates (see Bloemendal et al., 1975), so the oA-chain had 
to be directly purified from the total mixture of crystallin subunlts by ion-
exchange chromatography. 
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By application of this technique an aA-enriched fraction was isolated, but 
it was not possible to trace CB-tryptlc peptide 1 (TI, res. 2-11), which, how-
ever, had no consequences for the phylogenetic conclusions. 
Also In some other cases there was not sufficient a-crystallin material 
available to complete the amino acid sequence of aA, and sometimes no proper 
integral values could be obtained with the amino acid analyses of some pep-
tides. In those cases, these values were not included in the computer analyses 
for the construction of an evolutionary tree, leaving the aA-chalns of a 
number of birds incomplete. 
For these reasons, a number of peptides is missing: budgerigar T10; pigeon 
T17a; guillemot, gull and heron T9a, curlew T5,6,7,8,10,11,17bi ; fulmar 
T6,7,8,9a,11 and 18-I9a; penguin T17bi and ostrich t1, as mentioned before. 
In most cases, however, incomplete chains were taken into account for the 
construction of a cladogram, which Is presented in the following section. 
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III-5 
A cladlstlc analysis of 21 avlanoA-chalns 
Nature 311, 5983-5985 (1984) 
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Ratites as oldest offshoot 
of avian stem—evidence 
from a-crystallin A sequences 
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One of the most disputed Issues la avfiu phytogeny Is the origin 
of the ratites, the laige flightless birds of the Southern Hemisphere 
(reviewed in refs 1-3). It Is still not generally agreed whether the 
ostriches, rheas, emus and cassowaries, and probably kiwis, form 
a natural, monophyletlc group, although much recent evidence 
supports this view4-6. Also, their phylogenetk relationship with 
the other avian orders remains unresolved; comparative protein 
sequence studies might shed new light on this problem. Therefore, 
we determined the amino add sequence of the eye lens protein 
a-crystallin A In ostrich, rhea and emn, nnd la representatives of 
13 other avian orders. Comparison of these sequences with known 
a A sequences of mammals, reptiles, frog and dogfish provides 
strong evidence that the ratites, as a monophyletic assemblage, 
represent the first offshoot of the avian line. 
The a-crystallin A-cham is a suitable protein for comparative 
sequence analysis because ( 1 ) being a major eye lens constituent 
in all vertebrate classes7, it can often be isolated in considerable 
quantities, and (2) the sequence analysis of the 173-residues 
α A chain is relatively simple 8 There is only a single gene for 
a A 9 , which excludes the possibility of errors resulting from 
comparing paralogous 1 0 products of multi-copy genes in differ­
ent species The rate of evolution of α A is sufficiently slow to 
be informative in the study of more distantly related taxa 1 1 
Sequences of α A-chains have been determined previously in 43 
mammalian species" 9 , chicken 8, alligator (WW de J , M V , A 
Zweers, H Dessauer and M Goodman, unpublished data), and 
t e g u " , f r o g 8 1 2 and dogfish" These studies have already pro­
vided useful information about some aspects of mammalian 
phytogeny 1 1 l 3 , and allow ample outgroup comparisons for 
the study of avian phytogeny In the present study we have 
included, apart from the large ratites, several other avian orders 
for which the phylogenetic relationships are disputed To con­
firm that closely related species indeed have related α A 
sequences, which would support the reliability of our approach, 
we included in our study chicken, turkey (both Galli formes), 
domestic duck and mute swan (Ansenformes) We obtained 
sufficient eye lenses to perform sequence analysis of the aA-
chains from 21 avian species representing 16 orders (Table I) 
The methods of isolation and sequence analysis of the avian 
aA-chains and the resulting sequence information, as exemp­
lified by the α A-chai π of the rhea, are given in Fig I and its 
legend The sequence differences between the avian aA-chains 
are shown in Table I, relevant sequence data from outgroup 
species are included The six mammalian species represent the 
major lineages of the mammals investigated previously 1 1 Table 
1 immediately reveals the common occurrence in the ratite 
species of the unique substitution, Asp 69 -* Glu Another 
character shared by the ratites is residue Ala 148, which, 
however, also occurs in pigeon, gull and guillemot Because Asp 
69 and Ser 148 seem to be the primitive character states present 
in nearly all outgroups, these substitutions may be considered 
as shared denved (synapomorphous) characters, in support of 
a ratite monophyly Equally conspicuous is the presence of Ala 
122 and Pro 147 as apparently shared denved characters in all 
birds, apart from the ratites Residues Ala 127 ( o r T h r ) and Asn 
135 again seem to be synapomorphies of all birds, with the 
exception of ratites, galliform and ansenform birds 
It is obvious that parallel and back-substitutions d o occur in 
the evolution of a A , as in all other proteins This complicates 
the interpretation of differences between homologous amino 
acid sequences, and necessitates the use of computer analyses 
to objectively assess the cladistic relationships among the investi­
gated sequences The objectives of such computer searches are 
to find the most parsimonious phylogenetic trees (that is, branch­
ing patterns that require the fewest amino acid substitutions) 
and to calculate the cost, in terms of additional required sub­
stitutions, of alternative topologies By applying different 
10 20 
Ac Het Asp lie Thr l ie Gin His Pro Trp Phe Lys Arc Ala Leu Gly Pro Leu He Pro Ser Arg Leu Phe Asp 
30 40 
Gin Phe Phe Gly Glu Gly Leu Leu Glu Туг Asp Leu Leu Pro Leu Phe Ser Ser Thr lie Ser Pro Tyr Tyr Arg 
Asp / u i 
Gin Ser Leu Phe Arg Ser Val Leu Glu Ser Gly He Ser Glu Val Arg Ser Asp Arg Glu Lys Phe Thr Ile Het 
80 90 
Leu Asp Val Lys Hls Phe Ser Pro Glu Asp Leu Ser Val Lys Ile Ile Asp Asp Phe Val Glu Ile His Gly Lys 
100 no 120 Ala 
Fig. 1 Proposed amino 
and sequence of the rhea 
α crystallm A chain The 
charactcnzaiion of avian 
α A chains followed the gen­
eral procedures desenbed 
for mammalian and chicken 
α A chains8 a-Crystallin 
was isolated from four rhea 
lenses by gel filtration of the 
water soluble lens proteins, 
and the component α A and 
aB chains were separated 
by ion exchange chroma­
tography Fragments pro­
duced by cyanogen bra 
nude cleavage of the 5 0 -
aminoethylated aA chain 
were separated by gel 
filtration and digested with 
trypsin Soluble peptides 
were isolated by paper elec­
trophoresis and chroma­
tography The core peptide 
(22-49) was purified by —~ - " " 
gel filtration, then sub-
digested with thermolysin for peptide mapping Peptide 1-11 was obtained by tryptic digestion of the total aA chain Amino acid compositions 
oftrypUc(4*)andthennolytic(« •) peptides were compared with the corresponding ones of the chicken α A chain6 When no difference 
in composition was observed, we assumed identity between the chicken sequences and rhea peptide Peptides which differed in composition 
from the corresponding chicken peptides were subjected to dansyl-Edman degradation (-*) to localize substitutions Residues which are 
different in the chicken aA chain are shown above the rhea oA sequence Cleavage points of cyanogen bromide are indicated by i The 
avian aA chains are N-termmally blocked, probably by an № acetyl group as in bovine aAT 
His Ser Glu Arg Gin Asp Asp His Gly Туг He Ser Arg Glu Phe His Arg Arg Tyr Arg Leu Pro Ser Asn Val 
1 3 0
 *
 1 4 0
 " » S T 
Asp Ein Ser Ala Ile Thr Cys Ser Leu Ser Ser Asp Sly Het'leu Thr Phe Ser Gly Pro Lys Val Gin Ala Asn 
15l· 160 170 
Met Asp Pro Ser His Ser Glu Arg Pro Ile Pro Val Ser Arg Glu Glu Lys Pro Thr Ser Ala Pro Ser Ser OH 
8 1 
Table 1 Phylogcnctically іпГогтаіі е positions in avian, reptiliui and 
outgroup a-ciystallin A sequences 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
POSITIOi m 14113333·55556777ΒΜ99901222??«3333Μ»Μ«»«555556667 
3*13678237900568902«169016ιι23»5679025β23»67β9023<56β2β92 
OK I A K T P F I F E L P L a T V D 0 K V F ? T V a E I N S S N V i n S L 5 S l H S C P I P 5 C V * C N S E A 5 S S 5 
Positions shown are those which are variable in the α A chaina of at 
least two of the species, plus the autapomorphous substitutions in the 
avian and reptilian sequences Vertical lines indicate thai residues are 
identical to the topmost sequence Amino acid sequences have been 
analysed, as outlined in Fig 1 legends, for camon crow (Соггш corone, 
Passen formes), eagle owl ( Bubo bubo. Stngifonnes), budgerigar ( Melop· 
uttacus undulatus, Psittaciformes), domestic pigeon {Columba /ιυω, 
Columbiformes), guillemot (Una aalge, Charadniformes), black-
headed gull (Lams ndibundus, Charadniformes), curlew (Numeruus 
arquata, Charadniformes), oystercatchcr (Haematopus osiralegui, 
Charadniformes), coot ( Fúlica atra, Gniiformes), buzzard ( Bureo butto, 
Falconiformes), heron (Árdea cinerea. О с о т ι formes), gannei (Sula 
bassana, Pelecamformes), fulmar {Futmams glaaaiis, Procellan· 
iformes), gentoo penguin ( Pygosceits papua, Sphenisciformes), domestic 
duck (Anas platyrhynchos, Ansenformes), mule swan (Cygnus olor, 
Ansenformes), turkey (Meleagns galhpavo, Galliformes), ostnch 
(Struthto cameJus, Stmthioniformes), rhea (Rhea americana. Rhei 
formes), and emu (Dromoiuj novae-holiandtae, Casuamformes) The 
α A sequences and scientific names of the mammals, chicken, tegu, frog 
and dogfish have been given previously* ' ' The alligator is Alligator 
misstssippiensis The sequences of chicken and turkey aA were found 
to be identical, as are those of duck and swan Some aA sequences 
have been incompletely determined ( ) Thr 127 in heron aA has not 
been ascertained by Edman degradation, and is therefore not taken as 
a synapomorphy with penguin aA In sloth aA there is a deletion of 
three residues (-) The one letter notation for ammo acids is A, Ala, 
C, Cys, D, Asp, E, Glu, F. Phe, G, Gly, H, His, I. Ile, K, Lys. L, Leu, 
M, Met. N, Asn, P, Pro, Q, Gin. R, Arg, S, Ser. Τ, Thr. V, Val, Y, Туг 
algorithms1 4"1 6 to the data set of Table 1, we found the most 
parsimonious tree (see Fig 2), which requires 163 amino acid 
substitutions All changes in the topology presented in Fig 2 
require additional amino acid substitutions (Table 2) On this 
basis we must conclude that the presence of Ala 148 in ratites 
and in pigeon, gull and guillemot is due to parallel, or con· 
verge nt, evolution 
The constructed tree clearly supports the hypothesis that the 
ratites are monophylctic, and depicts them as the sister group 
of all other birds The Galhfonnes and Ansenformes appear to 
be the next to branch ofi from the main avian stem Our data 
allow the possibility that Galliformes and Ansenformes are 
monophylctic3 4 , but conflict with a close relationship between 
Ansenformes and Charadniformes'7 (Table 2) The other 
invcbiigated avian orders are grouped as a monophylctic assem­
blage, but the scarcity of substitutions in their α A sequences 













































































Fig. 2 Avian and reptilian branches of the maximum parsimony 
tree constructed on the basis of the aA sequence data in Table 1 
The procedure starts with the calculation of a matnx of mínimum 
mutation distances for the aA sequences14, followed by a tree 
construct ion programme which begins with an unrooted three· 
sequence iree to which the other sequences are added one at a 
time, using a branch-swapping procedure, until a tree of minimal 
length is found (essentially according to Fitch and Margohash14, 
as modified by J Felsenstein) The tree construction procedure 
was repeated several times using different input orders of the α A 
sequences, this resulted in the same topology in all instances, apart 
from equally parsimonious minor alternatives in the cluster of 14 
'other avian species* The number of amino acid substitutions 
required for the most parsimonious tree was 163 The outgroup 
part of this tree was congruent with the previously constructed 
topology", and is therefore not shown here Amino acid substitu­
tions in the different branches are deduced from the reconstructed 
ancestral aA sequences at the nodes'3 Substitutions that could 
not be assigned unambiguously to a certain branch were, as far as 
possible, placed on terminal branches, rather than between ances­
tral nodes16, this minimizes the synapomorphous substitutions 
charactenzmg monophylctic groupings in this cladogrem Taking 
six other mammalian a A sequences (horse, mink, human, elephant, 
three toed sloth and opossum) ' ' as outgroups m the tree construc­
tion procedure resulted in the same topology as shown here 
* Substitutions 132 S-»V and 135 A-> S (or 135 S-» N) require (wo 
nucleotide replacements 
prevents a further, meaningful resolution of their relationships 
In fact, several species from different orders are found to have 
identical symplesiomorphous a A sequences The most par­
simonious tree of α A also stresses the monophylctic ongin of 
the investigated birds and reptiles, and places the crocodiles, 
represented by the alligator, as a sister group of the birds These 
findings conform to the generally held, but not unchallenged, 
palaeontological views The recently proposed sister group 
relationship of birds and mammals1 8 would, in the case of a A 
sequences, result in a considerable loss of parsimony (Table 2) 
Also, recent immunological4 and DNA hybndization studies6 
have provided evidence for a monophylctic ongin of the ratites, 
thus contradicting the suggestion that they are paraphyletic or 
polyphyletic 2 , 9 In fact. Prager and Wilson2 0 have suggested a 
phylogenetic tree, on the basis of immunological compensons, 
in which the position of ratites, Galliformes and Ansenformes 
relative to the other avian orders is essentially as in our a A tree 
The pnmitive. rather than denved, position of the ratites within 
birds is, among others, also supported by karyological* and 
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Table 2 Numbers о Γ additional amino acid substitutions required to 
change the topology of Fig. 2 
Alternative relationships 
Polyphyletic on gin of ratites from the avian stem 
Ratites within the cluster of 'other avian species' 
Ratites and Galhformes (or Ansenformes) 
monophyletic 
Galhformes and Ansenformes monophyletic3 
Ansenformes with Charadn ι formes 









ontogenetic21 studies. However, a phyletically old origin of the 
ratites could not be concluded on the basis of morphological 
and anatomical data1-3. Comparative sequence data of avian 
proteins, including one or more ratite species, are available for 
cytochrome c22 and haemoglobin23 On the basis of the very few 
substitutions m seven avian cytochrome с sequences, a 
cladogram has been proposed in which the ratites are depicted 
as denved from carínate birds22. We found, however, that a 
more parsimonious tree can be obtained from this cytochrome 
с data set by assuming the ratites to be a sister group of the 
other birds The sequence determinations of avian α and β 
haemoglobin have not yet led to specific statements about ratite 
phytogeny21 
Our α A sequence data may have some bearing on the problem 
of the time of radiation of the avian orders Estimates for the 
time since the last common ancestor of all modem birds range 
between 130 and 65 Myr6,24. Considering that a A evolves at an 
average rate of three amino acid substitutions per 100 residues 
in 100 Myr", it seems that the small numbers of substitutions in 
the avian α A chains since their divergence from the last common 
ancestor (Fig. 2) favour the more recent time of avian radiation. 
Finally, the branching order in our tree may lend support to 
the idea that sustained flight developed late in avian evolution, 
after the divergence of ratites and Galli formes from the main 
stem. 
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III-6: More Information from oA-sequencea 
Despite the scarcity of amino acid replacements in most avian aA-sequences, 
we have attempted to extract some phylogenetlc Information from the group of 
"14 other avian species", left unresolved In the previous section. 
Cladlstlc analysis, based upon 21 avian aA-sequences, groups these I1» 
species by three shared derived characters, i.e. the amino acid replacements 
127 Ser—•Ala, 135 Ser -*• Asn and 152 Pro-•Ala, as can be seen on page 82. 
Additional resolution may be obtained by considering 153 Ser—•Cly to be a 
synapomorphy, clustering gannet, crow, eagle owl, buzzard and pigeon. Grouping 
of eagle owl and buzzard would be in accordance with the assumption of a raono-
phyletic origin of striglform and falconiform birds (see: Sibley and Ahlqulst, 
1972). 
No synapomorphies can be attributed to the Charadrilformes, which group 
with coot, budgerigar, heron, fulmar and penquin. This Indicates that another 
alleged close phylogenetlc relationship, involving the Procellariiformes, here 
represented by fulmar, and Sphenisciformes (penguin) (Sibley and Ahlquist, 
1972), is not contradicted by the constructed phylogenetlc aA tree аз present­
ed In figure a-2, page 86. 
It must be stressed, however, that different equally parsimonious topolo­
gies are possible as well on the basis of the observed aA amino acid replace­
ments. Pigeon, as well as gull, for example, may be positioned with guillemot, 
because of 148 Ser-•Ala, which would underline a previously assumed 
charadriiform-columbiform relationship (Sibley and Ahlqulst, 1972). Buzzard 
can be placed with gull and curlew (32 Leu—•Phe), but the latter two species 
might Just as well be placed with buzzard. 
In short, branching within the "14 other avian specie3n-cluster Is not sup­
ported by conclusive evidence, obtained from aA-sequences, and additional ma-
cromolecular sequence data are needed to shed new light on these remaining ob­
scured interordinal relationships. 
As has been previously outlined, much controversy exists about the age of 
the avian assemblage (Chapter I). According to the "coelurosaurlan ancestor-
theory" the birds originated as a separate lineage about IMO million years 
ago, while the "pseudosuchian ancestor-theory" designates the avian stock to 
be about 220 million years old. 
In this respect, comparative amino acid sequence determination might lend a 
helping hand again, because of the circumstance that macromolecular sequences 
possibly evolve at approximately constant rates (Zuckerkandl and Pauling, 
1962). If this is the case, the number of sequence differences that have ac­
cumulated in each lineage since two species diverged from a common ancestor, 
divided by the time of divergence, gives the absolute rate of macromolecular 
evolution along each lineage. The divergence time has to be concluded In most 
cases from paleontologlcal evidence. The rate of evolution may be considered 
as a "molecular clock", which can be used to calculate unknown times of 
species divergence. 
According to these prindiples, the evolutionary rates of a number of po­
lypeptide chains has been calculated, one of them being the aA-chaln, which 
turns out to accumulate three amino acid replacements per 100 residues in 100 
million years (De Jong et al., 1984). 
When we consider the avian aA-chains in figure a-2, page 86, it is obvious 
that considerable variability in the rate of accumulation of replacements has 
occurred, a phenomenon which has also been observed in the study of mammalian 
aA-chalns (De Jong, 1984). Some species (chicken, turkey, rhea) apparently 
have gathered relatively few substitutions (their aA-chains show 5 replace­
ments), while others have undergone considerably more events (guillemot 13; 
penguin 12; gull, buzzard and pigeon: 10) since the avlan-reptilian dlver-
~ Θ5 — 
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Figure α-2: Complete avian oA-tree based on the data set presented on page 82. 
Undetermined positions (...) are supposed to identical to the other 
avian residues, or filled in in such a way that they provide the 
least phylogenetic information. 
This tree shows the least resolution possible. Many equally parsi­
monious alternatives are possible due to the frequent O-branches. 




If one tries to calculate this avlan-reptlllan point of divergence, using 
the aA-evolutlon rate of 3 percent replacement In 100 million years, the aver­
age number of 4.7 amino acid replacements for avian oA-chalns points to an 
avlan-reptillan split-up of about 160 ΜΥΑ. Since the variation of evolution 
rate in these avian chains Is rather high ("the clock has run rather irregu­
larly"), this calculated point of divergence is of doubtful value. 
If one considers the traditionally accepted avian-reptilian divergence of 
about 200 ΜΥΑ (Romer, 1966), avian αΑ-evolutlon seems to have been retarded in 
comparison to mammalian αΑ-evolutlon. This would be in line with an alleged 
general avian protein evolutionary slowdown (Prager and Wilson 1974; 1975), 
based upon paleontologlcal and fossil evidence. Ttiis evidence, however, is be­
ing challenged (see: Wilson, 1977), and it can no longer definitely be exclud­
ed that modern birds evolved at a comparable rate as the mammalian stock, not 
only at the molecular, but also at the morphological level (Wyles et al., 
1983). This possible equal evolution rate has also indirectly been suggested 
by Sibley and Ahlqulst (1982) who commented, referring to their preliminary 
DNA-DNA hybridization results, on the inequivalence of the traditionally dis­
tinguished avian and mammalian taxonomie categories. 
Whatever value these considerations may have, it appears to be possible 
that the avian assemblage is younger than has always been assumed, which is 
the most logical explanation for the mistaken "avian protein evolution slow­
down" which may well be 
"... primarily the result of the limitations of human perception, not of 
some unknown difference between the genomes of birds and other animals" 
(Sibley and Ahlqulst, 1982). 
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IV-1: Why 6-cry3tallln? 
Vlhen the comparative avian αΑ amino acid sequence determinations were about 
to begin, It was realized that one particular circumstance could possibly 
jeopardize the whole project: the lack of sufficient accumulated amino acid 
replacements for the construction of a cladogram. This concern was not 
without reason: the oA-chaln had been proven to be a relatively slowly evolv­
ing polypeptide (De Jong et al., 1977). 
Bearing this in mind, a pilot study was undertaken to obtain some Informa­
tion about the evolutionary speed of another major water-soluble eye lens pro­
tein: 6acry3tallin. This protein is, in contrast to a-crystallln, exclusively 
limited to the lenses of sauropsidan species (birds and reptiles). 
This principal structural protein in the avian and reptilian (2) eye lens 
is a tetramerlc aggregate in the 200 KDa molecular weight range and contains 
two types of polypeptide subunits, having molecular weights of Ίβ KDa and 50 
KDa, respectively (Reszelbach et al., 1977). 
The two different types of subunlt were initially believed to be the pro­
ducts of the two S-genes found in the genome, as was suggested in the case of 
chicken 6-proteln (Bhat et al., 1980). Although these two genes, designated as 
61 and 62, show outspoken resemblances, for example In their intron-exon pat­
terns (Hawkins et al., 1984), recent evidence strongly Indicates that only one 
gene, 61, is being transcribed to a considerable degree. As was concluded from 
cDNA-sequencing, two initiation sites in the 6-gene sequence may be responsi­
ble for the existence of the two polypeptide chains of 48 KDa and 50 KDa 
(Nlckerson et al., 1985). 
If the two polypeptides are the products of the same gene In other saurop-
sldans as well, e-crystallin might well be a suitable tool for the elucidation 
of avian phylogenetlc relationships, using reptilian sequences for outgroup 
comparisons, provided that its evolutionary speed has been sufficiently high. 
For this reason, chicken, tegu and turtle ä-crystallin peptides were subjected 
to a comparative amino acid composition investigation to find out if this pro-
tein can be useful for evolutionary reconstructions (section IV-2). 
Since the rate of evolution of e-crystallin appeared to be markedly higher 
than the a-crystallin A evolution, while the protein can be obtained in high 
amounts from sauropsidan lenses, S-crystallln must be a suitable tool for the 
elucidation of hitherto unresolved avian phylogenetlc problems. This is espe-
cially facilitated by the recently reported e-crystallin cDNA nucleotide se-
quences (Nlckerson and Piatigorsky, 1984; Yasuda et al., 1984) from which an 
amino acid reference sequence can be deduced. It should therefore be possible 
to obtain some manageable CNBr-fragment(s) from different avian and reptilian 
species and to subject them to comparative amino acid sequence determination, 
in a similar way as has been described for the a-crystallln A chain. 
__ 93 — 

IV-2 
δ-Crystallln evolutionary rate 
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Abstract—1 The eye lens protein ¿-crystallin is present in different amounts in different birds and 
reptiles It is absent in echidna 
2 Chicken, tegu [Tupmambis teguixm) and turtle (Cheloma mjdas) ¿-crystallins have similar native 
and subunit mol wt Their amino acid compositions show the same characteristics 
3 From peptide mapping and ammo acid analyses the rate of evolutionary change of ¿-crystallm is 
estimated to be 2-4 times faster than that of x-crystallin 
INTRODUCTION 
й-Crystallin is a lens protem limited lo birds and rep­
tiles, initially designated as "first important soluble 
crystallin" (FISC) by Rabaey (1962) It has a mol 
wl between 150,000 and 200,000 and is composed of 
subunits with mol wt estimated between 45,000 and 
50,000 (Rabaey et al, 1969, Piatigorsky et al, 1974, 
Thomson et al, 1978, Williams & Piatigorsky, 1979) 
The subunits demonstrate charge heterogeneity (Clay­
ton, 1969, Thomson et al, 1978) and can also be 
resolved into two components in SDS-gel electro­
phoresis (Reszelbach et al, 1977) The different chick 
¿-crystallin subunits must be very similar in primary 
strutture (Piatigorsky, 1976, Shinohdra et al, 1980) 
and are encoded by at least two non-allelic genes 
(Bhalef a/, 1980) 
Very few comparative data are known about 
¿-crystallin, but interspecies differences of native 
¿-crystallin and its subunits have been found (Rabaey, 
1962, Gysels, 1964, Clayton 1974) Also differences in 
primary and secondary structure do exist (Williams & 
Piatigorsky 1979, Horwitz & Piatigorsky, 1980) The 
main objective of the present study was to assess the 
degree of primary structure difference between avian 
and reptilian ¿-crystallins This would allow an esti-
mate of the rate of evolutionary change in compari-
son to the other crystallins 
MATFRIAl S AND MFTHODS 
Lenses were obtained from ihe following species 
chicken (Gciffu? domeiticus] domestic pigeon {Columba 
Ima) great northern diver (Gaiin immer) common tegu 
(Tupimtmhis tequixm) cape monitor (\aranu\ cxanthema-
luiii) western diamond-back rattlesnake (Crotalm urrox), 
green turtle (Chiloma mttfat) red-cared turtle (Cíir\íem>s 
scripta ek'qtins) and Australian echidna or spiny anteatcr 
{Tdih\i)loisus ааііеаікч) All animals were adult or sub-
adult Lenses of chicken pigeon, legu monitor and red-
cared turtle »ere obtained from the Central Animal Facili­
ties University of Nijmegen School of Medicine, diver 
lenses from Dr J Waticl Department of Systematic Zoo­
logy University of Amsterdam snake lenses from Dr H 
M Verheij Department of Biochemistry University of 
Utrecht green turtle lenses from Dr J Wood Cayman 
Turtle Farm Cayman Islands echidna lenses from Dr Ρ 
Zwart, Departmenl of Veterinary Pathology University of 
Utrecht 
tlectrophoresis in the presence of sodium dodec\ ¡sulfate 
Comparisons of total lens protein compositions of differ-
ent species were made by slab-gel electrophoresis in 13% 
Polyacrylamide gels containing 0 10",, sodium dodecylsul-
fate (Laemmli, 1970) 
Lenses were homogenized in 1°„ ammonium bicarbo-
nate, pH 7 9 After centrifugation (10 at 15 000 g) an ali-
quot was taken from the supernatant and diluted 10-fold 
with a solution containing 2"0 SDS 5"„ /i-mercaptoetha-
nol, 10°,, glycerol, OOOS",, bromophenol blue and a sample 
was applied on the gel The same electrophoretic technique 
was used to analyze fraclionaled lens proteins 
Isolation of ô-cristallin 
Lenses were homogenized in 2 vol of ["„ ammomumbi-
carbonate buffer, pH7 9 After centrifugation (10 mm at 
15,000 g) the supernatant was applied to a column 
(120 χ 3 5 cm) of Ultrogel AcA 34 (LKB) and eluted at 
room temperature with 1% ammoniumbicarbonate, pH 7 9, 
at a flow rate of 30 ml hr This procedure is comparable to 
the one described by Thomson et al (1978) apart from 
leaving out the /J-mercaptoethanol from the buffer The 
fractions containing ¿-crystallin were pooled and lyophi-
li7ed Further purification was achieved by gel filtration 
under dissociating conditions for which the sample (50 mg) 
was suspended in 2 5 ml of 0 1 M sodium acetate buffer, 
5 mM in dithiothreitol pH 8 5 saturated with urea, and 
dissolved by ultrasonic treatment The pH of the mixture 
was brought to 4 5 with 1 M acetic acid before applying it 
to a column ( 120 χ 1 0 cm) of Sephacryl S-200 elutmg it at 
room temperature at a flow rate of 6 ml h with a buffer 
containing 6 M urea 0 1 M sodium acetate and 2 mM 
dithiothreitol pH 4 5 
Anuhsis of δ-ίrjstallm 
ή-Crystallin was reduced and aminocthylated (Raftery & 
Cole 1966) and digested with trypsin (Worthington 
TRTPCK) for 2 hr at 37 С The protein concentration was 
10 mg ml of buffer (01 M ammoniumbicarbonate brought 
to pll 8 9 with ammonia) Г 0 (enzyme substrate w w) of 
trypsin was added at /сто lime and a similar portion after 
1 hr The digestion was stopped by lowering the pH to 5 
with 1 M HCl the insoluble core was removed by centrifu­
gation and the supernatant lyophilized 
Peptide maps were prepared from 2 5 mg samples of the 
digest using Whalman 3MM paper High voltage electro­
phoresis in pyridine acetic acid water buffer (25 1 225, 
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Fig 1 SDS-gcl electrophoresis of marker proteins (lanes 1 and 13), and lens extracts of calf (2) echidna 
(3), chicken (4), pigeon (8) diver (9), red-eared turtle (10), monitor (11) and rattlesnake (12) Lanes 5 6 
and 7 contain chicken »-, β- and f crystal n, respectively Diver and pigeon are choosen from many 
screened avian species because of their very high and low levels of ¿-crystallin, respectively 
pH 6 5) was carried out for 75 mm at 50 V cm, followed 
by descending chromatography in n-butanol/acetic acid/ 
water/pyridmc (15 3 12 10, v,\) for 18 hr The peptide 
maps were stained with 001°,, ninhydrin (w v) in acetone, 
containing 1°0 acetic acid and F 0 pyridine or with fluores-
caminc (Fluram Roche) (Udenfriend et al, 1972) when 
peptides had to be isolated for amino acid analysis 
Peptides were eluted from the paper with ^ml of 
6 M HCl, containing 0025"o (w v) phenol and hydrolyzed 
under vacuum for 22 hr at 110 С Amino acid analyses 
were performed on a Rank Hilger Chromaspek ammo Jcid 
analyzer Samples of <5-crystallin were hydrolyzed for 24 48 
and 72 hr and analyzed in duplo in the same way 
RESLLTS AND DISCtSSlON 
Distribution in different species 
By virtue of its subunit mol wt of about 50,000 
á-crysullin can easily be distinguished from the other 
crystallms by SDS-gel electrophoresis (Fig 1) á-Crys-
lallin is present in greatly varying quantities in the 
total lens extracts of the investigated bird and reptile 
species Minor dilTerences in mobility of the d-crystal-
lin subunits in different species can be seen, as well as 
the presence of multiple ¿-bands in several species 
Similar observations have been made in other reptiles 
(python, gekko, caiman) and birds (quail, turkey, 
duck) by Williams & Piatigorsky (1979) 
It is of interest that ¿-crystallm appears to be absent 
in the lens of the echidna (Fig 1), because the mono-
tremes are an isolated and primitive group of mam-
mals which have many reptilian characters (Romer, 
1966), 
It has been suggested that ¿-crystallm, which is 
unique among crystallms by being chiefly in the 
i-helical configuration, is responsible for the soft con-
sistency and easy deformabihty of the sauropsidan 
lens (Yu et al, 1977) The presence of a large amount 
of ¿-crystallm in the lens of the snake, which accom-
modates by displacement and not by deformation of 
the lens (Prince, 1956), lends no support to this 
suggestion Also the very high level of ó-crystallin in 
the diver and the very low level in the pigeon cannot 
simply be correlated with differences in accommoda-
tive capacity 
Gel filtration of chicken and legu cr\uallm\ 
The water-soluble lens proteins of chicken and tegu 
were fractionated by gel filtration (Fig 2) and ana-
lyzed by SDS-gel electrophoresis (Fig 3) The similar 
elution volumes of native chicken and tegu ¿-crystal-
lm indicates that tegu ¿-crystallm, like the avian 
(Rabaey et al, 1969) and caiman protein (Williams & 
Pialigorsky, 1979) has a native mol wt like that of 
chicken d-crystallin 
Both chicken and tegu show small amounts of high 
mol wt crystallm, mainly consisting of /î-crystallin 
polypeptides in the chicken and x-crystallin in the 
legu The a-crystallins of both species have slightly 
lower apparent subunit mol wt, and comparable 
ratios of iA to xB chains as in the calf (Fig 3) 
The subunit compositions of chicken and tegu 
/i-crystallms are quite different, although several 
bands have similar electrophorclic mobilities Our 
results are in general agreement with previous data on 
chicken and turtle /8-crystallin (Zigler <t Sidbury, 
1976d Thomson et al, 1978) The last peak of the 
tegu elution pattern contains low mol wt protein 
which is not detectable in chicken, having an appar-
ent mol wt of 23,000 This fraction may well corre-
spond to the disputed "·,-crystallm" of the birds 
(McDevitt & Croft, 1977) Zigler & Sidbury (1976a) 
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Fig 2 Fractionation by gel filtration of water-soluble lens proteins of chicken (top) and tegu (bottom) 
The indicated peak fractions were analyzed by SDS-gel electrophoresis (Fig 3) 
observed a single 20,000 mol wt component in the 
snapping turtle low mol wt fraction 
Aialysis of δ-crystallins 
After gel filtration the ¿-crystallm fractions of both 
chicken and tegu still contained considerable amount, 
of /¡Hiih-crystallin (Fig 3) Taking advantage of the 
difference in monomer molecular weights of δ- and 
ß-crystallin, the á-crystallin subunits could be further 
purified by gel filtration under dissociating con-
ditions, yielding essentially pure ó-crystallin (Fig 3) 
The amino acid compositions of ó-crystallins from 
chicken, tegu and green turtle (isolated in small quan-






1 2 3 4 5 6 7 β 9 10 11 12 13 14 15 16 
Fig 3 SDS-gel electrophoresis of the peak fractions indicated in Fig 2, and of purified á-crystallins 
Marker proteins (lanes 1, 6 12 and 13), chicken high-mol wt crystalhn (lane 2), i-cryslallin (3), (5-plus 
^H-cryslallin (4), /)L-crystallin (5), tegu high-mol wt crystallin (7), at-crystallin (8), 6- plus Эн-crystallin (9), 
/iL-crystallin (10), "/'-crystalhn (11), purified d-crystallm from chicken (14), green turtle (15) and tegu 
(16) 
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Table 1 Amino acid compositions of chicken and repti-








































































Values are the average of duplicate analyses after 24 48 
and 72 hr of hydrolysis Values for threonine and serine are 
obtained by extrapolation to zero lime hydrolysis valine 
and isoleucine have values for 72 hr of hydrolysis 
* Values obtained by Piatigorski e! at (1974) 
(Table 1) The analysis of chicken <5-crystallin is in 
good agreement with the values reported by Piati-
gorsky et al (1974) Characteristic for all d-crystallins 
are the low values for proline and the high values for 
leucine and lysine These specific compositional 
features as compared to the other crystalhns and to 
the "average" composition of proteins are obvious 
from Fig 4 They certainly can be attributed in part 
to the particular conformational properties of d-crys-
tallin 
The fingerprints of the soluble tryptic peptides of 
the aminoethylated ¿-chains of chicken and tegu 
(Fig 5) show fewer peptides than expected from a 
chain of approximately 420 residues containing some 
35 lysyl and 24 arginyl residues Large parts of the 
chain must be present in the insoluble core remaining 
after tryptic digestion Some similarity can be seen 
between the peptide maps of chicken and tegu á-erys-
lallin All peptides were analyzed but many of them 
were too large or contaminated to be useful for re-
liable comparisons between the two species Only 15 
mostly small peptides (indicated in Fig 5) were found 
to be clearly homologous in the two species and their 
compositions are aligned in Table 2 At least 13 
ammo acid substitutions are present among the 71 
residues represented by these peptides This means, 
for these parts of the d-chain a degree of sequence 
difference of at least 18",, These peptides however 
being small and with easily detectable homology are 
unlikely to be representative for the total chain of 420 
residues The over-all sequence difference may well be 
higher than 18"0 
Raff of eiolutionar\ ihanqe of 6-ir\stallm 
Two other approaches may help to estimate the 
rate of sequence change of d-crystalhn Cormsh-Bow-
den (1979) has shown that the sequence dt'Îerence 
between two homologous proteins can be estimated 
from the differences in their amino acid compositions 
Applying her formula to the compositional difference 
between chicken and tegu ö-crystallin indicates a 32"0 
sequence difference 
Also the amino acid composition itself of a protein 
shows some correlation with the rate of evolution of 
that protein (Chirpich 1975) On this basis the rela-
tive mutability of ¿-crystallm should be higher than 
Residues / TOO residues 
18 η 
• S Chicken 
Α δ Tupinambis 
Mb Turtle 
Asp Thr Ser Glu Pro Gly Ala Cys Val Met He Leu Typ Phe Lys His Arg 
Fig 4 Amino acid composmons of chicken tegu and green turtle d-crystallins (from Table 1) compared 
to the range of reported amino acid compositions of vertebrate i- /Ì- and ,-crystallins (shaded areas) and 
the average "„ of amino acids in proteins (honrontal bars) (Dayhoff 1978 ρ 363) Included are the 
compositions of calf human chicken and dogfish ΐ-crystallins, calf sheep pig rat rabbit rhesus 
monkey, chicken turtle frog bluefish and doghsh /i-crystallins bovine p
s
-crystallin calf human rat 
haddock and dogfish ,-crystallins pigeon ', -cryslallin (included in the /¡-crystallins) (McDevitt & 
Croft 1977, Zigler & Sidbury 1976 a,b and references in De Jong, 1981) 
100 
Avian and reptilian d-crvslallin 
that of the crystallin chains aA. 3tB. )3Bp and ,„ chicken and tegu i-crystallin are indeed 2-4 times 
n-Cr\slallin would thus be expected to be the fastest higher than the 8 5"0 sequence difference established 
evolving among the evolutionary generally conserva- between the a-crystallin A chains of chicken and tegu 
live crystallins (De Jong, 1981) (De Jong & Zweers. unpublished data) The rate of 
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electrophoresis 
Fig 5 Fingerprints of the soluble tryptic peptides of chicken (top) and tegu (bottom) aminoethvlatcd 
¿-crystallin Homologous peptides of which the composilions are given in Table 2, are indicated by the 
letters 
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Table 2 Compositions of bupposedl) homologous tryplic peptides from chicken and tegu A-crvstallins 
(as indicated in Fig 5) 
Peptide a b e 
Chicken Asp Thr Glu Gl) Ala Lys Asx Asx GlxGlx Leu Lys Asp Ser Glu Arg 
Tegu Glu Ser — — — - — - — — — 
Peptide d e f g 
Chicken Ser Glu Gly Ile Leu Leu Arg Glu Leu Leu Arg Glu Ala Leu Lys Glx Glx Ala Lys 
Tegu Gly — _ _ _ _ _ _ _ Giy 
Peptide h ι к 
Chicken Thr Ser Ser Pro Gly Ile Phe Lys Glu Leu Leu Lys Lys Thr Gin Gly Leu Arg 
Tegu Asn Leu Туг — - Не - Pro Ala Ile 
Peptide 1 m η ο ρ 
Chicken Ala Ala Leu I eu I eu Lys Lys Gly Val Phe Arg Leu Lys Gly Ala Arg Ser Lys 
Tegu Met — - — Met - — 
Peptides are aligned for maximum homologv on the basis of amino acid compositions Residues arc 
arranged in the order of elution from the column Amides or carboxvl groups are assigned where 
possible on the basis ofelcclrophorelic mobihlj of the peptides 
mated between 6 and 12 substitutions per 100 resi­
dues in 100 Myr, being 2-4 times faster than the rale 
of 3 0 0 sequence change per 100 Myr for α A (De Jong 
et al, 1980) 
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Cladistic analysis of 21 avian oA-chalns has resulted In taxonomlcally Im-
portant conclusions. Nevertheless, this polypeptide has not accumulated suffi-
cient amino acid replacements to provide satisfactory answers to many un-
resolved avian phylogenetlc problems. 
Since comparative studies of orthologous macromolecular sequences can offer 
suitable characters for taxonomie analyses, the avian phylogenetlc questions 
may well be solved by these molecular approaches. 
I therefore recommend two possibilities: 
1. Comparative amino acid sequence determination of e-crystallin, for reasons 
outlined on page 93. 
2. Comparative nucleotide sequence determination of orthologous genomic DNA-
fragments; for instance restriction fragments comprising the single-copy 
gene for a-crystallin A. 
Such fragments contain, apart from the nucleotide sequence ooding for the 
amino acid chain, much more sequential information which is not reflected 
in the polypeptide, such as intervening sequences and possible "third 
base^subst 1 tut ions. 
The DNA-sequence, in other words, can provide an almost infinite number of 
characters, suitable for taxonomie and phylogenetlc analyses. 
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